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Summary

The results of the experimental investigation documented in

this report provide an expanded data base of information on lift

augmentation on fighter-type wings with wing-tip blowing. The

parametric study is suitable for use in future preliminary design

efforts involving low-speed lift augmentation concepts for

advanced fighter aircraft. The analytical investigation con-

tributes significant understanding to the fluid mechanics of lift

augmentation by tip blowing. The computer code has the potential

for further development into an analytic preliminary design tool.
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AN INVESTIGATION OF WING LIFT AUGMENTATION

WITH SPANWISE TIP BLOWING

1. INTRODUCTION

The quest for improved STOL capability and low-speed aero-

dynamic characteristics of modern fighter aircraft has involved

the use of high-energy jets in various schemes for boundary Idyer

and circulation control. One such concept that has not received

wide attention is the blowing of high-pressure air jets in a

spanwise direction from wing tips (Fig. 1). Experimental inves-

tigations have shown significant increases in wing lift witn

moderate amounts of blowing; for example, see References I

through 5. Preliminary studies preceding the current efforts

(Refs. 6 and 7) verified the enhanced aerodynamic characteristics

achieved with wing tip blowing.

The fluid mechanic process ot tip blowing is riot fully

understood, but there are several proposed answers to the appar-

ent success of the approach. For exdmple, the jet sheet from the

wing tip will support a pressure gracient during its deformation;

therefore, the illusion of a wing with higher aspect ratio is

present. Also, the blowing may interact witn the tip vortex to

reduce three-dimensional effects and etfectively increase the

aspect ratio. An alternative solution is that the tip jet

entrainment induces a spanwise flow on the top surface ot the

wing thus lowering pressure and increasing lift. All of the

above suggestions may play a part in tne ettectiveness ut tip

blowing on fighter-wing aerodynamics.

The purpose of the investigation reported herein is manii-

fold. First, a small-scale test program to extend the prelimi-

nary tests in References 6 and 7 is reported. In these tests, a

number of parameters such as wing aspect ratio, sweep, camber,

-1-



tip-jet geometry, and blowing rate were varied to determine tneir

effects on wing lift augmentation, and if possible, optimum tip-

jet nozzle geometries were to be selected for a large-scale

investigation.

Second, the optimum nozzles identified in tne small-scale

tests were to be designed and fabricated for a large-scale wiung

*. for examination as part of a NASA/Ames Research Center tip-

blowing investigation in the 7- by 10-foot wind tunnel. In this

large-scale test program, details of the lift augmentation were

investigated through wing pressure measurements and flow field

surveys at various blowing rates. Major objectives were to

increase understanding of the mechanism of lift augmentation via

tip blowing and to provide detailed experimental data suitable

for verification of the numerical method under concurrent

development.

Finally, an analytical investigation ot wing-tip blowing

lift augmentation based on solution of the Navier-Stokes equa-

tions was conducted to provide a means to gain more detailed

understanding of the fluid mechanics of the phenomena involved.

The objectives were to modify an existing NASA wing code to in-

clude effects of a tip jet, verify the code with experimentl

data, and use the detailed predicted results to gain better

understanding of the lift-augmentation process.

The remainder of this report is divided into three major

sections for the small-scale test program, the large-scale test

program, and the analytical investigation. Each section is

autonomous; however, they do refer to one another on occasion.

The report closes with some general remarks and recommendations

for additional work.

-2-
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2. SMALL-SCALE TEST PROGRAM

2.1 Background

In a previous investigation reported in Reference 6, d

series of eight semispan wing models with tip blowing were testeu

with the purpose of extending the information aata base to low

aspect ratio wings. The aspect ratios varied from 0.62 to 4.0

with taper ratios of 0.25 to 1.0. Each wing planform area was

approximately 0.5 sq. ft., and a NACA 0015 airfoil section was

used throughout. The tip jet for each wing was nearly the full

length of the tip chord for all wings. A summary of the results

from this initial test program is presented in Reference 7. Irn

general, the experimental results showed significant lift augmen-

tation with blowing at low angles of attack, but the amount of

augmentation decreased in inverse proportion with wing angle of

attack.

In the current test program, three wings, each with aspect

ratio 2.0 and each with several tip nozzle geometries, are con-

sidered. Two wings are uncambered NACA 0015 sections, one plan-

form rectangular, the other with a swept leading edge ( A =
33.80). The third wing has the same planform as the swept wing,

but a cambered airfoil section based on a NACA 64-series mean

line. A more complete calibration procedure in the current

series of tests revealed inaccuracies in the data reporteo in

Reference 6, although the trends are consistent.

2.2 Test Program

2.2.1 Scope

The tests were conducted in the NEAR low-speea wind tunnel

facility at a tunnel speed of 195 ft./sec. (Reynolds number ot

-3-
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l.lxl0 6 /ft., q. = 45 psf). A few runs were made at lower tunnel

speeds to see if the momentum coefficient was an appropriate

parameter to measure augmentation effectiveness. The semispan

wings were attached to a 5-component balance which in turn was

attached to a motor-driven rotary table which varied the angle ot

attack through a range of 00 to 180. Although the balance

measures all components of forces and moments, except for the

force in the spanwise direction, only the litt and drag forces

are of primary interest in this study.

2.2.2 Models

The three semispan wings are shown in Figure 2, and their

dimensional characteristics are given in Table 1. The wings have

zero twist and are cast of aluminum. Several tips with different

0" slot configurations were fabricated for each wing as shown in

Figures 3, 4 and 5. The tips with three discrete jets are based

on suggested designs by Prof. J. Wu (Ref. 1). The sweep and

dihedral angles of the slots were cut to the specitied tlow

angles shown in Table 2; however, the flow did not always conform

to these angles. The measured flow angles with no freestream

velocity are also shown in Table 2.

2.2.3 Facility

Each wing is mounted in the NEAR tunnel as shown in Figure

6. The test section of the tunnel is 14 x 20 inches (20 in. ver-

tical) and has a maximum wind speed of 220 ft./sec. The flow

loop contains two honeycomb flow straighteners (one in the

plenum), four turbulence-damping screens in the plenum, and an

8:1 area-ratio nozzle. The typical inlet test section flow dis-

tortion in velocity is ±0.2 percent and ±0.2" in flow angle.

Very little inlet flow degradation is anticipated with the models

at maximum angle of attack due to the relatively high tlow loss

-4-



around the circuit and the extra honeycomb and screens for tlow

straightening. Standard wind tunnel wall corrections for block-

age (for the semispan wings tested) at maximum lift are I percent

,S for velocity and 2 percent for the lift coefficient.

The blowing air is supplied by a 550 cfm roots-type blower

driven by a 75-hp motor. The blowing system is illustrated in

Figure 7. The after cooler keeps the blowing air at about

710 F. The air blower runs at a constant speed and has constant

output. To allow variable flow to the wing tips, a bypass loop

is included with this configuration as shown. The flow rate

ejected from the wing is the same as the inlet flow rate measured

at the orifice regardless of the proportion of air circulated in

the bypass loop. Because the orifice is at the upstream end of

the system, leaks in the blowing system produced errors in the

mass flow computations; therefore, considerable effort was made

to reduce leakage to a negligible level. The mass flow rate of

the air is measured by an ASME orifice (Ref. 8) placed in the

line near the entrance (Fig. 7). Two orifices (diameter of 1 and

2 inches) are used to cover the range of the momentum coeffi-

cient. The blowing air is ducted into the wing through a bellows

surrounding the balance in the base of the wing (Fig. 6).

Operation at the high tunnel velocity heated the tunnel air

rather quickly and was the limiting factor on the length of each

test run. The tunnel was shut down when the tunnel air tempera-

ture reached 1300 F.

2.2.4 Data Acquisition

Each data point was obtained by sampling each data channel

at 500 samples/sec. for 1 second, digitizing, and averaging the

500 values to obtain a single value. The data channels are

listed in Table 3. Channels 8 to 12 recorded the balance data in
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a coordinate system fixed in the balance or the wing, whereas the

final lift and drag coefficients are defined in d system fixed to

the tunnel. These coordinate systems are shown in Figure 8.

2.2.5 System Calibration

2.2.5.1 Orifice Calibration

Since it was desired to test a wider range of tip flow rates

than those used in the previous test (Ref. 6), it was necessary

to calibrate the different orifices required. A 6-ft. weather

balloon was used to measure the flow rate of the system. It was

filled from the air supply system with the wing replaced by a

pipe with cross sectional area approximately the same as the tip

slots. Filling times were approximately 100 seconds to inflate

the balloon to 5-ft. diameter. The air inside the balloon was at

room temperature and nearly at atmospheric pressure (less than

0.05 psig), and the balloon was close to neutral bouyancy. The

volume of the balloon was determined by measuring the perimeter

around different great circles, and the variation in these mea-

surements were typically one part in two hundred. Comparison

between the measured flow rate of air and the computed value,

with the orifice located between the blower and the wing, was

poor and varied with the flow rate. This result places the blow-

ing rates reported in Reference 6 in some doubt.

Next, dynamic measurements were made to determine the qual-

ity of flow in the system. It was found that the pump, a Roots

blower, positive displacement pump, put out a highly pulsating

flow with amplitudes of *1.2 psi at the orifice when the orifice

mean value of Wp was about 0.5 psi. A dominant frequency of 240

Hz (traceable to the number of lobes in the pump) existeu with

certain higher frequencies. Under these unsteady conditions, tne

use of art orifice as a flow measuring device is not feasible.
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S'Reference 8 notes that, under pulsating loads, no known relation
exists between flow rate and orifice Ap. To avoid this problem,

the configuration was modified by placing the orifice upstream ot

the pump near the inlet of the system and installing mufflers

between the orifice and the pump. A muffler was also installed

upstream of the wing to steady the flow entering the wing. The

fluctuations at the orifice were reduced to about 10.03 psi.

Subsequent comparisons of the flow rate derived from the balloon

measurements and each of two orifices (diameters of 1 and 2
inches) were within about 3-percent using the book values (Ref.

8) for the orifice discharge coefficients. This accuracy was

considered to be in the same range as that of the balloon mea-

surements themselves.
V

2.2.5.2 Balance Calibration

In the Phase I test program, it was recognized that the

calibration of the wing-balance-bellows system could change with

each wing. The bellows provided a path parallel to the balance

through which unmeasured loads could be transmitted. Because the

bellows was quite stiff both in torsion and in tiie directions of

normal and side forces, self-equilibrating loads could exist

between the balance and the bellows. The five-component balance

was calibrated for each wing on a test fixture that housed the

actual wing-balance-bellows assembly.

To account for a possible effect of the internal pressure

produced by the jet blowing, the balance was calibrated at two

values of the pressure denoted by PTc. This was accomplished by

sealing the wing tips and statically pressurizing the wing-

bellows cavity. The variation between the two calibration matri-

ces was slight with variations in normal and side torce being
approximately 1 to 2 percent. Linear interpolation ot these twv

matrices was used to obtain the calibration matrix for the value

of PTC that existed for each data poiot during testing.

-7-
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2.2.5.3 Jet Momentum

The momentum coefficient is based on jet momentum wnich
requires knowledge of mass flow rate and the velocity, or velo-

city and density. To obtain a direct measure ot jet momentum,

the wing was mounted in the test fixture on load cells acting in
the spanwise direction. The thrust loads were measured as a

function of mass flow rate of the blowing air. This direct mea-

surement of momentum avoided the difficult task of integratilng

the density and velocity distributions over the area of the jet

to obtain the momentum coefficient C . Only the spanwise compo-

nent of momentum, perpendicular to the root choro, is usea to

define C , because the other components ot thrust (balance

forces from blowing air) may contain self-equiliorating loads

between the bellows and balance.

2.2.5.4 Balance Forces

It is necessary to know the balance forces as functions of

tip jet mass flow rate. These forces due to the blowing air are

removed from the balance readings to give net external dero-

dynamic loads acting on the wing. This portion ot the calibra-

tion was carried out with the wing installed in the tunnel with

zero tunnel velocity. It was determined that this calibration

was not significantly affected by the tunnel walls, and it did

not change as long as the wing was not removed fromn the bal-

0 %ance. The forces being measured were small, but they had d sig-

114 nificant effect on the change in drag aue to blowing. 1he pres-

ent scheme for calibration indicate an upper bound of error ot

about 0.1 lb. for Fx and 0.2 lb. for Fz. This represents ai

increment in CL of about 0.01 and in C. of 0.005.

e-t
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2.3 Test Results

All lift and drag coefficients presented herein are based on

the external aerodynamic forces acting on the wing; that is, the

thrust components from the blowing air have been removed from the

total forces and moments measured by the balance. The lift and

drag coefficients versus momentum coefficient, C , are presented

with angle of attack as a parameter. In the data, small differ-

ences in values of a for each configuration exist because of

variations in manually setting a and because the correction

applied to a depended on the lift coefficient.

An upper bound on experimental error has been estimated to

be about 0.01 on CL and 0.005 on CD. The error on CD may be a

large percentage at low values of angle of attack, but more accu-

rate drag measurements are beyond the capability of the instru-

mentation and facilities used in this study. Small differences

between different tips should not necessarily be attributed

solely to experimental error; for example, it is observed tnat

lift and drag for a given wing appear to be somewhat dependent on

the port configuration even when C = 0.

To show a reason why differences may actually exist, the

wing cavity pressure was measured when C = 0 with the wing

cavity sealed except for the opening of the tip port(s). The

negative pressure in the wing cavity varied between configura-

tions that are identical except for the geometry of the ports.

This variation in pressure at the same value of ,i must be caused

by changes in the flow around the different tips; for example, a

chordwise pressure gradient at the tip will produce a local flow

in and out of the multiple ports. These changes can produce

variations in the lift and drag for different port configura-

tions.
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In the following sections, the measured lift and drag coef-

ficients on each wing and tip combination are presented. Com-

ments on the data are provided as part of the discussion for each

wing.

2.3.1 Wing No. 1

The results of measured lift and drag coefficients at vari-

ous blowing rates for the rectangular wing are shown in Figures 9

through 12. Tips 1, 2, and 3 snow small gains in lift up to C =

0.04. In Figure 9, the lift coefficient of a single port, (the

forward two ports in Tip 1 were sealed) shows a decrease in

lift. In Figure 12, Tip 4 shows a gaij in lift of 20 percent

at a = 18* and approximately 60 percent at a = 30 at a value

4of C = 0.12.
10

The drag coefficients measured on the rectangular wing with

multiple tip jets (Tips 1, 2, and 3) are uncertain at best. The

trends are consistent; that is, blowing either has little effect

on drag or it increases drag slightly. The experimental error in

the drag measurements are the same order of magnitude as the

change in drag. The long slot, Tip 4, causes a significant in-

crease in drag with increased blowing as shown in Figure 12(u).

All tips on Wing No. I are compared in Figure 13 at constant

blowing coefficients. The no-blowing condition in Figure 13(a)

illustrates the small effect of tip geometry oi the baseline

condition as described in a previous section. Within the

expected scatter in the data, there is virtually no tip effect un

drag with no blowing. At a constant blowing rate, C = 0.035, int I'

Figure 13(b), there are some small effects ot geometry. Compar-
* ison of parts (a) and (b) illustrates increased lift and drag due

to tip blowing over the entire range of angle of attack.

-10-
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2.3.2 Wing No. 2

The measured results of lift and drag coefficient at vdrious

blowing rates for the uncambered swept wifng are shown in Figures

14 through 17. The results for Tips 1 and 2, each having three

discrete slots, are shown in Figures 14 and 15. Both tips

exhibit increases in both lift and drag at the larger angles of

attack. Tips 3 and 4 in Figures 16 and 17 have long slots

extending over most of the tip chords. It is seen in Figures 16

and 17 that the lift at C = 0.10 for both tips is increased

about 18 percent at a = 120. At angles of attack, Tip 4 hds a

higher increase in lift than Tip 3. As shiown in previous

results, the drag increase due to blowing is greater for tile

longer slots.

The different tips on Wing No. 2 are compared witn and with-

out tip blowing in Figure 18. Without olowing, there are small

tip geometry effects on lift and drag, but for practical pur-

poses, the results lie within the normal scatter in the measure-

ments. With blowing, the lift curves show no tip effects until

large angles of attack. There seems to be a significant tip

effect on the drag coefficient over the entire angle range.

In Figure 19, the average values of lift and drag of all the

tips are shown for C = 0.0 and 0.04 to illustrate the increases

with blowing. The average curve for lift coefticient is more

meaningful than that for drag coefficient since there is little

lift variation between tips. There is more variation in drag

0 between tips at C = 0.04, but the average values are still

useful in showing the trend of drag increasing with C . Tne

increase in lift at C 0.04 is about 8 percent.
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2.3.3 Wing No. 3

This wing has the same planform as Wing No. 2, but the sec-

tion is cambered (NACA 64 Mean Line). The measured results for

lift and drag coefficient for different levels of tip blowing are

shown in Figures 20 through 23. The effect of camber is largely

an added increment of angle of attack ot almost 6 degrees or an

increment of lift of about CL  0.25. If the effects of camber

. are removed such that CL at a = 30 equals CL tor Wing No. 2, Tip

4 at a = 30, the results at other values ot a are similar to

those described previously. A summary of the effect of tip blow-

ing for all tips together is shown in Figure 24, and the averaged

values are shown in Figure 25. It appears the drag coefficient

is not affected by blowing, and the lift coefficient is increased

approximately 5 percent at a = 180.

2.3.4 Tunnel Velocity

Several runs were made at lower tunnel velocities to test

the validity of using C as a measure of the blowing effective-

ness. Shown in Figure 26 are results for V = 100 and 195 ft./-

sec. The agreement between runs is good. From the definition

of C , a lower tunnel velocity allows a higher C , and it is

apparent that the lift continues to increase at the higher blow-

ing rates for a = 12 and 18 degrees. The higher tunnel velo-

city was chosen for most of the testing to ensure that the jet is

swept aft to prevent reflections from the opposite tunnel wall

from impinging on the wing.

2.3.5 General Comparisons

Comparisons of the improvement in lift due to tip blowing

are shown in Figure 27 for a = 30, 120, and 180. The tip con-

sidered for each wing has the long slot covering most of the tip
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chord. The cambered wing (No. 3) shows less improvement in litt

than the other wings, especially at low angles of attack, and the
lift improvement on the cambered wing is nearly independent

of Ct.

The effect of camber on the relationship between lift and

drag for the swept wings is seen in Figure 28. The effect ot

. -blowing is about the same for each wing.

2.4 Discussion of Results

The different tips for a given wing exhibit similar aero-

dynamic characteristics at the same values of momentum coeffi-

cient. The lift coefficient generally increases with increasing

values of momentum coefficient. The location of the tip jet is

critical to the lift augmentation; although, the one tip made up

of a small jet near the trailing edge of the wing actually

decreased the lift with blowing. This particular jet nad a ldrge

sweep angle (about 600) which may have been too large for optimum

efficiency.

The angles of the blowing jet deserve more investlgation to

determine their effect on the performance ot the wing. Also, the

effect of camber is important and represents another parameter to

be investigated. The lower improvement in lift and its relative

independence of a suggests that camber basically affects the

process by which lift is improved.

The jet momentum coefficient is controlled by two parame-

ters, the mass flow rate and the pressure ratio. To obtain com-

parable values of C , a small port using a low flow rate

requires a high pressure ratio whereas a large jet uses d lirge

flow rate and a lower pressure ratio. The more important parame-

ter may be tip-jet velocity ratio for correlation of induced litt

-13-



with blowing; however, it is difficult to use this additiondl

parameter when tip geometry is also changing. This area needs

further investigation.

3. LARGE-SCALE TEST PROGRAM

3.1 Background

NASA/Ames Research Center has an interest in tip blowing for

lift augmentation that extends back to 1960, including an unpub-

lished tip-blowing test program from that period. A briefing at

NASA/Ames Research Center on the small-scale tests described

above brought to light a planned tip-blowing test in the Ames 7-

by 10-foot wind tunnel. Through a cooperative agreement between

Ames and the Air Force, NEAR was allowed to participate in this

large-scale test program whicri would permit tests on d larger

scale wing at higher pressure ratio tip jets than was possible in

the NEAR facility. The NEAR participation included the fabrica-

tion of an experimental apparatus to measure flow field intor-

mation in the vicinity of the wing with tip blowing, design and

fabrication of interesting tips identified in the small-scale

test program, and participation in the actual test program at

NASA to monitor the preliminary data and provide any experience

gained during the small-scale tests.

NASA/Ames Research Center contributed the experime|,tal data

on tip blowing presented herein. These data are to be publishea

by NASA at a later date.

.1
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3.2 Test Program

3.2.1 Scope

The NASA test program involved the design, tdbrication, and

testing of a wing with planform similar to the small-scale swept

wing described above. The wing was instrumented tor overall

force and moment measurements and pressure measurements on the

wing surface. A computer-controlled traversing system for mea-

suring static and dynamic pressures in the flow field in the

vicinity of the wing was available for tlow tield surveys.

The tests were conducted for a number of aifterent tip

nozzle configurations over a range of angles ot attack and blow-

ing rates. To obtain desired blowing coefficients, the tip

nozzle pressure ratio and the freestream velocity were varied.

The freestream velocity ranged from 160 to 285 tt./sec. during

the tests, and the tip pressure ratio was between 4.8 and 6.3.

This velocity range provided a Reynolds number range of 0.93 x

106 to 1.70 x 106/ft. and a dynamic pressure range ot 30 to 90

psf. For a single run (angle of attack sweep) the tip pressure

ratio and the freestream velocity were held nearly conistant.

They were changed between runs to outaii different blowing rates.

3.2.2 Model

A sketch of Wing C-BT is shown in Figure 29 where the span-

wise location of pressure ports are shown. The locations ot the

pressure ports on each surface are given in Taules 4 ana 5 where

the chordwise locations are measured from the local leading edge,

and each is normalized by the local chord length.

-15-
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The basic wing dimensions are

semispan, b/2 = 30.4 in.

root chord, cR = 36.0 in.

tip chord, cT = 10.8 in.

A total of five tips with different blowing slots were con-

sidered. In addition, a solid tip was included as a reference

for the case of no blowing. The tip numbers and the correspond-

ing slot geometries are defined in Figures 30(a) and (b) wnere

the length of each single slot jet is determined by the location

of the end points given in percent of the tip chord. The area of

each slot is 0.24 sq. in; therefore, the constant area is

achieved by varying the width of the slot tor each tip. The

slots for tips five and six have splay (dihedral) angles of 30

* 'and 60 degrees, respectively; that is, the jets blow downward at

an angle measured from a horizontal reference. These tips blow

outward at a sweep angle equal to zero.

Tip 8 was designed by Dr. J. M. Wu ot the University ot

Tennessee Space Institute. The three slots have sweep and splay

angles as shown in Figure 30(b). Although the slots were cut to

these angles, the actual flow angles sometimes varied from these

values. The total ared of the three slots, measured perpen-

dicular to the flow channels within the wing is 0.36 sq. in.

which is slightly greater thdan the other tips.

3.2.3 Facility

The NASA/Ames Resedrcti Center 7- by 10-foot wind tunnel is a

closed circuit, atmospheric, subsoniL (0 to 220 knots) tunnel

having an external balance for measuring luads on the model. Tue

balance consists of scales connected with the appropriate linik-

ages to measure the six components ot load. Smipan models cani
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be attached to a floorplate which is attached to the scales, and

the floorplate rotates about a vertical axis to change the angle

of attack of the model.

A large supply ot high pressure air is available for tip

blowing. The hoses carrying this air have couplings that form a

flexible "trapeze" to eliminate variable resultant loads in the

hoses that could be applied to the balance.

The flowfield traverse rig is a structure that moves a probe

along three orthogonal axes throughout the test section. The

degrees of freedom can be increased by aadirng the rotation capa-

bility to the probe unit. The unit is computer controllea

through software that allows either movement to single locations

or automatic movement through an array of locations for flow

* field surveys.

3.2.4 Data Acquisition and Reduction

4 .
l

The data consist of the six components or resultant forces

and moments obtained trom the exterral balance system, wing sur-

face pressures from the array ot taps, parameters o1 outi the

tunnel and the blowing air, and ailstream pressures from tue

traversing probe.

The force data are reduced to net forces, In coetLicient

form, produced by the externacl cerodyiamic forces acting on tiie

wing; that is, the forces produced by the blowing air interldily

within the wing system are removea. These tare forces were

obtained by a two-step proceaure. First, the wing tame forces at

angle of attack for the wing with no blowing and the tunnel off

were measured. Then, each tip was tested with ulowing ana tie

tunnel off. The wing tares were subtracted from these data to

obtain the net tip tares. Note that the tip tares should oe
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included in some cases; for example, when collparing the etfect on

lift and drag of a jet blowing at different sweep or splay

angles, the thrust portion ot the tare may cuntrioute lift ano

drag forces that exist in an actual application.

The pressure data are reduced to pressure-coetficient form,

and the resulting pressure distribution is integrated to obtain

the aerodynamic contribution to the lift force. This is useful

for comparing to the balance-measured litt force. The blowing

coefficient is obtained from thrust measurements with zero tunnel

velocity and from measurements taken in the blowing-air lines.

The mass flow rate is measured with ani orifice, and the tip

momentum is calculated from the mass flow rate and the measured

pressure ratio at the tip. Because the pressure ratio is greater

than two, sonic velocity exists at the tip nozzle for all olowing

conditions.

3.3 Test Results

Preliminary lift and drag data from the large-scale test ot

Wing C-BT at the NASA/Ames Research Center are presented in this

section. These data have not received extenisive analysis, and

they are presented herein for illustration purposes. A formal

test report will be forthcoming trom Ames in the near future;

*therefore, this section should not be considered as wind tunnel

test documentation.

The lift and drag coefficients to follow are corrected for

tip jet tares as described above; therefore, the forces ore the

external aerodynamic forces acting on the witig. The results are

presented with jet momentum coefficient arid angle ot attacK aS

parameters. A sample of the measured results oii each tip con-

figuration are presentea, and brief coinme.its on the data are

provided as part of the discussion tor edcn contlgurati0ii.
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3.3.1 Tip 2

Measured lift and drag coefficients on Wing C-BT witti Tip 2

are shown in Figure 31 for a range of blowing coefficieiits and

angle of attack. The solid tip is shown on each curve as a ret-

erence for the basic wing. Tip 2, the long straLght slot jet,

produces increased lift and litt curve slope with blowing. The

maximum lift coefficient is significantly higher at the large

blowing rates, but the stall angle is unchanged. Drag coetfi-

cients shown in Figure 31 (b) indicate increased minimum drag

with blowing, but the measured drag at higher lift coetficients

appears to decrease with blowing. The aecrease in drag at a

given lift coefficient is likely cdused 01, the lower angle ot

attack required to produce a specified lift coefficient with tip

blowing activated.

3.3.2 Tip 4

Tip 4 has a slot lengthi approximately equal to 25-percent of

the tip chord. Measured lift and drag coefficients foL a range

of blowing coefficients are shown iii Figure 32. Thiese results

are similar to those discussed above; however, it appears the

lift increment due to blowing may be slightly less than tnat

observed for Tip 2 at the same momentum coetficient. Drag also

seems to decrease with Olowing, but tne total incremenIt is less

for this tip.

3.3.3 Tip 5

Tip 5 is the same size as Tip 4, but rip 5 is ulowiing down-

ward at a 30-degree aihedral angle. Direct litt trom tne jet
momentum has been removed from these results shown in Figure

33. At low angles of attack, the lift increment due to blowing

is greater than that measured on Tip 4 witiiout dihedral; however,

-19-
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at higher angles of attack, the litt increment due to Olowirgy

appears to be less with dihedral. The drag coefficient shown in

Figure 33 (b) is apparently decreased with blowing at higler lit

coefficients, but at low values of lift, the increment in drag is

the same order as the scatter in the measurements.

3.3.4 Tip 6

Tip 6 (Figure 34) is the same tip described above, but it

has a 60-degree dihedral angle. In general, the results with

blowing show higher lift at low angles of attack than that

measured on the previous tip; however, the maximum lift

coefficients with blowing are nearly identical to the other

tips. The measured drag coefficients are virtually identical to

those described above.

3.3.5 Tip 8

The measured lift and drag coetficients on this tip witn

three individual slots, illustrated in Figure 30 (b), is shown in

U Figure 35. Tip blowing increases the lift coetticient at the

high angles of attack, but the amount of increase appears to be

slightly less than that produced by the otner tips. The lift

4.. increment due to blowing is less at low angles of attack. 'he

drag data appear to be questionable as if the thrust components

of the jets have not been removed from the measurements. These

data should be investigated further before comparisons with other

tips are considered.

3.3.6 Pressure Distributions

Details of the effects of tip olowing on the chordwise pres-

sure distribution on Wing C-BT are available from the large-scale

NASA test for selected configurations and flow conditions. In
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Figure 36, measured pressure distributions on the wing with rip 2

at 5 degrees angle of attack and C = 0.02 are compared to the

unblown wing at the same angle. The tip jet tends to lower the

suction pressure on the wing upper surface over the entire span;

however, the jet-induced effects are small inboard of the nid

semispan. On the lower surface, the tip jet causes an increase

in the pressure, but the effect is small inboard ot the 80-

percent semispan station. Thus the total effect of tip blowing

is to increase the lift over the semispdrn of tne wing with tioe

largest increases occurring at the tip as expected.

Measured pressure distributions on Wing C-BT witti Tip 4

under similar flow conditions are shown in Figure 37. Tnough Tip

4 is a shorter slot, the jet-induced eftects are nearly the same

as for Tip 2. The inboard lower-surface pressures seem to

exhibit slightly lower jet-induced effects as do the lower sur-

face pressures over the entire semispan.

Similar pressure measurements are shown in Figure 38 tor the

V4  wing with Tip 8 with three discrete slots (Fig. 30(b)) at various

sweep and dihedral angles. Though the inboard pressure measure-

ments are omitted because of instrumentation ditficuLties, the

outboard pressure distributions exhibit some distinct differences

from the previous results. For example, the jet-induced Lower

Upressure on the upper surface is concentrated toward the trailing

edge of the wing with smaller effects near tine leading edge.

Also, the jet-induced effects on the lower suLface are smaller

than those observed in the previous figures. Thee results are

not unexpected since the tip jets are concentrated near tnte

trailing edge.

-21-

*il



3.3.7 Flow Field Surveys

Prelimindry velocity field measurements at two stationb (1

inch and 10 inches) aft of the wing trailing edge are available

from traverse surveys. Tnese qualitative measureuments clearly

illustrate the trailing vortex as shown in Figure 39. Figures 39

(a) and (b) show the vortex for Wing C-BT at 8 degrees angle of

attack and no tip blowing. The origin ot the coordinate system

is located at the tip trailing edge, and the wing trailing edge

line is shown to illustrate the wing position. With tip blowing

on, a significant change ir trailing vortex position is shown in

Figures 39 (c) and (d). It is clear the vortex is moved outboard

and upward, and from the relative magnitude of the individual

vectors, it appears the vortex is dispersed over a greater

area. Furthermore, it appears the tip vortex with tip blowing is

stronger than the vortex without blowing.

The results from the flowfield measurements indicate signi-

ficant effects of tip blowing on the trailing vortex. These

results are preliminary and have suffered winimum analysis;

therefore, some caution is advised in developing conclusions

based on the above observations.

3.7.8 General Results

The tip blowing results described above provide surticient

data for a number of parametric studies. Detailed analysis ot

these data is beyond the scope ot the current investigation;

however, several interesting comparisons follow to illustrate

general trends of the experiment.

The effect of tip nozzle geometry is shown in Figures 40,

41, and 42 where the measured lift and drag coefficient on eacn

tip is compared for nearly constant blowing rates. The first
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observation is that Tip 2 provides the highest lift augmentation

at high angles of attack, but Tip 6 provides higher augmentation

at low angles of attack. Discounting the possible problem with

the drag data for Tip 8, the measured drag results nignlight Tips

2 and 6 as providing more drag reduction at a constant lift coef-

ficient than the other tips. However, the difficulty in

measuring drag and the scatter in the data make Lnis result

tentative at best.

An alternate means of comparing tip geometry eftects is to

compare relative lift increments induced bx tip blowing. In

Figure 43, the incremental lift attriouted to tip blowing, nor-

malized by the baseline lift on the wing without blowing, is

shown for each tip at constant blowing coefficients over the

entire range of angles of attack. Although these results have

not been smoothed or curve fit for easier visualization, several

interesting results appear. Tip 2 proauces the greatest lift

augmentation at high angles, but Tip 6 is marginally better at

low angles. Tip 8 consistently produces the lowest lift augmen-

tation at angles below maximum litt. As expected, the lift aug-

mentation increases with increased blowing rates.

Another means to quantify lift augmentation at varying blow-

ing rates is shown in Figure 44 where the litt augmentation is

shown as a function of blowing rate for constant angles of

attack. In general, these results indicate increased lift aug-

mentation with increased blowing; however, the rate of increase

decreases at higher angles of attack. As noted previously, Tip 6

provides the greatest lift augmentation at low angles of attacK,

but at 16 degrees, Tip 2 is marginally better.
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3.4 Discussion of Results

VAs described above, tip blowing from aiiy of the nozzles con-

sidered has an effect on lift augmentation, although some nozzles

appear to be more efficient than others. The pressure distribu-

tions illustrate that the lift augmentation due to tip blowing is

concentrated at the tip; however, there is some ettect over most

of the wing, both upper and lower surfaces. The flow field

studies illustrate a significant effect on the location and

strength of the wing trailing vortex.

The investigation reported in this section permitted only a

cursory study of the wealth of data obtained in the NASA/Ames

large scale test program, and additional analysis of these data

may add more understanding to a complex flow phenomenon. There-

fore, it is important that firm conclusions be delayed until all

the measurements have been examined with care. In particular, it

is important that the measurements be studied in the context ot

the theoretical analysis reported in the following sections.

4. ANALYTICAL INVESTIGATION

4.1 Background

The fluid phenomena responsible tor providing lift augnenta-
tion with wing tip blowing are ,iot well understood. The purpose

of the analytical investigation is to study the eftects of tip

blowing by using a Navier-Stokes code to predict the flowfielas

about a realistic wing with variable blowing conditions (jet

geometry and blowing coefficients). Spanwise blowing trom enear

the root of the wing is also investigated. Analysis of tie simu-

lated flowfields can provide further understanding into the

mechanisms and parameters affecting lift augmentctiou.
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There are few previous analytical studies o the wing/tip-

jet problem. The complexity ot the flowfield makes a theoretical

approach difficult; consequently, only iiviscia models have ueen

attempted. For example, Wu et al. (Ret. 1) uses a vortex

lattice-model for the wing and tip jet. The computed spanwise

distribution of normal-force coefficients and chordwise loadings

are in fair agreement with experimental data, although the agree-

ment deteriorates near the tip.

Assuming the jet is an inviscid sheet and acts as a fluid

extension of the wing tip, Tavella and Roberts (Ref. 9) derive

scaling laws for lift augmentation as a function of blowing coef-

ficient and angle of attack. Using these scaling relations, data

taken from different blowing experiments with Lectangular wings

are correlated (within a fairly large band). Based on the cor-

* relation, the authors conclude (Refs. 10 and 11) that lift aug-

mentation is primarily the result of inviscid pnenomena.

Neither of the above approaches explicitly accounts for any

viscous lift augmentation inechanism. The Ndvier-Stokes method
was purposely selected for simulating this flow because it

includes both viscous and inviscid effects. As part of the cur-

rent effort, a preliminary numerical study of the flow over a

rectangular wing having spanwise tip blowing was accomplished

(Ref. 12). A summary of these preliminary calculations and

results are discussed in the following section.

4.2 Preliminary Analytical Study

To identify the important mechanisms influencing lit aug-

mentation, and also to demonstrate the feasibility of performing

a Navier-Stokes simulation of the wing/tip-jet flowtield, a pre-

liminary numerical study was conducted. £he numerical model usod

-25-
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and the important results of the study are summarized in this

section. Further details are presented in Reterence 12.

The simulated wing model has a rectangular plantorm with an

aspect ratio of one. The cross-section is 10 percent tnick,

having circular arc upper and lower surfaces and 2 percent

camber. The leading and trailing edges are sharp, arid the wing

tip profile is rectangular. The tip jet consists ot a thin slot,

approximately 70-percent chord in length and centered vertically

and horizontally on the tip. This geometry provides olowing in

the spanwise direction (normal to the free stream flow direction)

with zero dihedral or splay angle.

The Reynolds-averaged, compressible, Navier-Stokes equations

are solved using second-order central difterencing withi fourth-

order numerical dissipation ternis added tor stability.

MacCormack's explicit algorithm (Ref. 13) is used as t. e solution

algorithm. The turbulence model consists of a constant mixing-

length based on the jet-slot width and is described in detail in

a later section.

The selected grid, CarLesian and nonboundary fitting, has 32

x 32 x 16 points in the streamwise, wing-surface normal, and

spanwise airections, respectively. The grid density across tne

tip jet is necessarily coarse for this preliminary study.

* ~.*Boundary conditions applied at the nonblowing surtaces ot

the wing and the wing root wall are inviscid, tangency condi-

tions. The wing boundary layer is neglected because proper grid

resolution cannot be providea. All cases consider a freestream

Mach number of 0.5 and subsonic jet velocities. Inflow boundary

conditions are specified and outflow conditions are extrapoldteu.
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Numerical simulations with parametric Variations ot angle ot

attack and jet blowing coefficient are shown. ine jet blowing

coefficient is defined as

,,c = _/ 9_(1)
W qS

and varies between 0.0 and 0.32. rhe angle of attack varies

between 0 and 6 degrees. The ratio ot jet velocity to free-

stream velocity varies with C and does not exceed two.

Before discussing tne simulation results, two terms are

defined to quantify lift augmentation. Lift increment is defined

as the difference in lift coefficient with and without blowing,

and relative lift increment is defined as the ratio of the lift

increment and the lift coefficient without ulowing.

The following observations are made with respect to the wing

loading. At a constant angle of attacK, tne relative litt incre-

ment increases rapidly at intermediate blowing coefficients, then

more slowly at higher C (Fig. 45(a)). Holding the blowing cuet-

ficient constant, Figure 45(b) shows the relative lift increment

rises and then falls off as the angle of attack increases. Tne

falloff is primarily due to the increase in the baseline lift

coefficient at higher angles of attack. Similar lift augmenta-

tion behavior is found in experimental studies described in Ref-

erences 4, 14, and 15.

Based on predicted results, spanwise loading with tip

blowing increases over the entire semi-span. The largest

increases in lift occur near the tip, but some dugmentation

occurs near the root. Generally, the upper surface pressures are

lower with tip blowing, and the lower surface pressures are

nearly unchangea. The location of the miiimum pressure on tne

9'.
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upper surface shifts rearward with tip olowing as noted in Refer-

ence 15.

The predicted flowtield in Lne vicinity of tne wing tip

reveals additional insight into the mechdnisms of lift augmenta-

tion. The trailing vortex wit, blowing is shifteo upwavds ano

*outwards from the wing tip as shown in Figure 46; consequently,

the induced velocity on the wing upper surtace near the tip has

an outboard component. This is in contrast to the no-blowing

case where the velocity has an inboard component. Observatioia

of the outward movement ot the tip vortex is also described in

Reference 15.

A view of the pressure field at 104-percent semli-spdn (Fig.

47) reveals a distinct pressure difference across the jet. At

80-percent chord (Fig. 48) the pressure field exnioits a pocket

of low pressure adjacent to and just outboard of the tip in the

vicinity of the tip vortex core. This pocket ot low pressure is

-' responsible for lowering the pressure on the wing upper surface

near the wing tip thus accounting for part ot the litt augmenta-

tion.

To assess the influence of this low pressure region on the

augmentation effect, aii additional simulation holdinig the angle

. of attack and blowing coefficients tixea was investigated; how-

ever, jet velocity was reduced ano jet density was increaseu to

4 ' maintain the constant blowing coetticient, as discussed in Reter-

ence 12, the resulting tip vortex is weaker, the pressure in the

vortex region is higher, and the lift increment is staller.

The following picture emerges from these ooservatiois. A

primary augmentation mechanism appears to be tne generation ut a

low pressure region associated with the tip vortex core. With

% .
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olowing, the tip vortex has greater swirl and lower COLV pL-s-

sure. Energizing the tip vortex is d result of jet-induced snledr

stresses acting on the surrounding fluid; thieretore, the Jet

velocity appears to be an important parameter, mort so thdii tile

blowing coefficient. Because ot the close pruximity ot tne low

pressure region to the tip, greater suction pressure is induceo

on the upper surface near the tip and decreasing towards tnie

root. The wing's lower surface pressure remains essentially

unchanged. The net result is a gain in lift.

The results of this preliminary study indicate viscous

effects are a key ingredient to lift augmentation by tip blow-

J.. ing. Since viscous effects have been neglected in previous theo-

retical approaches, it is important they ue included to gain

complete understanding of the fluid mechanics of the complex flow

S. field.

4.3 Analytical Method

This section describes the details ot the anialytical metiod

used for simulating tip-jet flows. The governing equations aru

presented, followed by descriptions of the numerical alguritnw,

wing and grid, turbulence models, and boundary conditions.

4.3.1 Governing Equations

The Reynolds-averaged Navier-Stokes equations in generalized

curvilinear coordinates in strong conservation law form are

aQ+ a(E - Ev) + (F - F ) + a(G - G)= 0 (2)
T v nv v

where the conserved variables and convective fluxes are
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- Pu , uU + p

, .Ow j)w U +

F 1 F
,',.~~~ ~~ e ~ ) - L 3a)

-1 puV + n p PuW +
F =J pvV + n p G =J pvVY+ :,

pwV + nYp Pww + P
L V(e + p) - n PL W(e + p) P J

(3D)

The contravariant velocity components, U, V, and W are given in

terms of the Cartesian components

U = Ct + xu + C Yv + '-z w (4a)

V = n + f u + ,i u + n w (4b)t x y z

W r+ r~+v~
t + u + r v + Czw(4c)

Using the ideal-gas equation of state, pressure is related to the

conserved variables as

p (y- 1) [e - 1 .u2+ v2+ w (5)

The viscous flux terms are

-30-



0
T1 +4 T + T

*x xx y xy z xz

E v J- xyx y yy z yz (d
T1 + I1 + T1

x zx y zy z zz
43+4 +4

x x y y z z

0
n T +n T +fln

x xx y xy z xz
- n T~ +r n + In

F j x yx y yy z yz (6b)
nl T + T) T + rl Tx zx y zy z zz

ri 3 + n a + T) 13
x xx y y z z

0
T1 +4C +4

x xx y xy z xz
-1~ T + r. T + T

G J xyx y yy z yz (6c)

T1 +4T +4
x zx y zy z zz
4a + c +4c3

L xx y y z z

with

Tx 2 [l2( u + nu + 4u)(v + nv + v)

- (~ zw + Tj zw r + 4 W )]I(7

2 [2 Ev+ nlv + 4v)-(u + nu + u)y 3 y y n y4 xl x l x4

n - (w n + w r, ) w (7b
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T z =- [2(Cw + nzw + w Xu + nxUn+ 4xu )

S v n n y V (7c)

T = pU +nu + Cyu + F v + n v + v) (7d)xy ( y n y x)

T = I(iu + r u + Czu + w + w + w) (7e)
xz z z zn z x t, x n x .

ty z = I(z zv + nVZ + zv + y wn +rw + w) (7f)

and

. yPr- e I + UT + VT + WT (8a)x xx xy xz

ay = yKPr -ye 1 + Utyx + v + (8)

. , z = ycPr-lae I + ut + vt + wr (8c1
9. = z I zx zy zz

e I = ep - 0.5(u + v + w ) (8d)

The effective viscosity, j, is the sum of the molecular and tur-

bulent viscosities described in Section 4.3.4.

The transformation metric terms are
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=J(yz - y z) n = J(z y -y )x =  (Yfl x 44y~

y = J(znx - x z) ny = J(x z - xz.)

z = J(x ny - y nx) nz = J(y x - X y (9)

Cx = J(y z - z y ) Ft = -x -YyT-zZ

Cy = J(XnZ xz n ) nt =-x Tnx-y Tny-Z T rZ

z = J(X y -yxT z
- TX T~ - z

and the inverse Jacobian is:

J = xyz +xyz + xy z - xy z - Xny z- x yz (10)

The thin-layer approximation to the Navier-Stokes equations

(Ref. 16) is commonly used for calculating wing tlowfields. The

major assumptions in this model are that the Reynolds number is

large, shear layers are thin, and the grid is sufficiently

* clustered in the shear layers. Viscous terms associated only

with derivatives normal to the shear layers are retained in the

flux terms given in Equation (6). The resulting thin-layer equa-

tions are considerably simpler and, consequently, more economical

to solve than the full Navier-Stokes equations.

The thin-layer approximation is applicable to jet flows;

however, with spanwise blowing, it must be moditied to account

for the fact the jet is blowing in a direction normal to the

freestream flow direction. Applying the thin-layer assumption in

all three directions, the viscous fluxes Ev, F¥, and Gv become

Ev' FV and Gv' respectively, and are
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0
pa 1u + (P/3) a 2

-1 pa v + vp/3) a
E J 1 2 y la)
v wpaw +(pj/3) a

pi a 1a 3+ (P/3) a (2 u + 4v + 4w)

0
p b u + P/ 3 ) b 2 n

-1 p b v + 1p/ 3 ) b n
F =J pin +w 3 2 y (1ib)

p bb +11/ 3) b(n u-+-n v+ nw)
L 1 2 2 x y z

0

- p lC 1 +(p/ 3) c 2

G v lC 1w +(p/ 3) c 2
1~ 2 z

Wpc c + (p/3 ) c (~u + rv + rw)
L 1 2 2 x y z

where

a 2 + 2 + 2
1 x y z12

a 2 x U + Cyv + 4zw ( 12b)

a3  (u 2+ v2+ w2 /72 + P- y1 (a 2 (12cz)
3; r

b n2u+ n + n

b2 qx u i+n y v n z wn (13b)

(u2+ V2 W21 2  + P-1  ( -) (213c)
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c = 2 + r 2 + '2 (14a
1 x y z

= U + yV + W (14b)

3 = (u2 + 2+ w2)/2 + PrI ( (-l)- 1 (a2 ) . (14c)3 r

For incompressible flow in an orthogonal coordinate system,

the full Navier-Stokes viscous terms in Equation (6) reduce to

Equation (11). Most calculations in this study are made

at M = 0.25 and on a grid which is orthogonal in the viscous

regions of the flowfield.

4.3.2 Numerical algorithm

The NASA/Ames Research Center code, ARC3D, forms the basis

of the code used to compute the wing/tip-jet flowfields. ARC3D

4 solves the thin-layer Navier-Stokes equations in generalized

coordinates. To compute the tip-jet flows, the following changes

are necessary:

(1) The thin-layer approximation is implemented in all three

directions.
S4 . (2) The tip jet is simulated by specifying the jet flow on

the wing tip surface.

(3) The turbulence model is modified in the tip-jet region.

These changes are described in this and the following sections.

A full description of the algorithms contained in ARC3D is

found in Reference 17. To illustrate the particular version ot
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the algorithm used in this study, the numerical methou is pre-

sented without elaboration, except where it is necessary to indi-

cate any changes.

The solution method in the current version ot ARCJD is

derived from the Beam and Warming implicit approximation-

factorization algorithm (Ref. 18). When second-order central

differencing is used for all spatial operators, the Beam and

Warming method requires the inversion of block tridiagonal

systems of equations. A diagonal form of the algorithm (Ref. 19)

requires the inversion of scalar pentadiagonal matrices (using

fourth-order implicit dissipation terms) and is more economical

than the Beam and Warming method.

The diagonal form is given by:
Jn n + ^n

T(I+h6An + hD.i )N(I + h6 An + hDI )P( I +  An + A nDj )T-la

Rn (15)

and

R= h(6 n + 6 n + 6 - + )(

where A, A and A, are diagonal matrices consisting of the

eigenvalues of the Jacobians of E, F, and G. T,, N, P, and

T are matrices related to the similarity transformations, Di
and De are the implicit and explicit dissipation operators,

respectively. Note the explicit cight-tiand-side vector,

R , contains the thin-layer viscous flux terms, S. 'Te thtee-

dimensional thin-layer approximation is inplemeritedI Ly

augmenting S to in c I Ule tne viscous teris given in Equa tiUi

' (1I).
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The dissipation terms are a combina t lul of second- and

fourth-order differences which are shown in Equation (7.8) of

Reference 20. In the current study, the cue [ficiet ot the

second-order term, K2' is set to zero. The fourth-order coefti-

J cient, K is made as small as possible while not destroying theK4 '
stability of the solution algorithm. 4 1/256 is used for

most calculations shown herein.

All spatial differences are second-order central, including

the metric differences. This version ot the code uses free-

stream subtraction (Ref. 16) to maintain exact treestream flow.

All calculations are run with a spatially-variable time

step,

h = min (x - CFL (17)(u I + a ' vT + a ' wT + a

and constant CFL number.

4.3.3 Wing Model and Grid

The wing chosen for this study is a low aspect rdLiu, swept

wing having twist, taper, and camber that has been extenmsively

studied both experimentally (Refs. 21 through 23) ditu cuinputa-

tionally (Refs. 24 through 27). Commonly referreo to as WINo C,

it has a planform similar to the large-scdle wing testeo in tne

current program (see Section 3 above), but it has a ditferent

, airfoil section. A schematic ot WING C is given in Figure 49.

A boundary-conforming curvilinear mesh witn a C-O-type

topology was constructed about the wing model. The "C" part of
the mesh wraps around the upper and lower wing surfaces at con-

stant spanwise stations (Fig. 50(a)). Two-dimensional C-grids
are constructed at the root, mid-span arid tip locations, where
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the wing geometry iz known, using a hyperuolic grid generation

algorithm. A spanwise distribution, which clusters grid lines

near the tip, is constructed. fnree-dimensional grids are

created Dy linearly interpolating in the previously generated two

dimensional grids at the desired spdnwise stations.

The "0" part of the mesh, shown in Figure 50(o), wraps

around the tip. It is generated by rotating the upper- aiid

lower-half planes of the C-mesh at the tip about a curved line

consisting of the grid line normal to the wing at the leading

edge, the tip camber line, and the wake cut. A segment ot the

axis of rotation is shown as line a-b-c-d in Figure 50(c).

Construction of the grid topology in this manner creates

singularities and cuts in the mesh. Pole singularities exist in

the tip plane along the wake-cut line and the line emanating from

the leading edge. The "tip cut" (Fig. 50(u)) occurs where the

upper- and lower-half tip planes coincide at the maximum value

of q. Treatment of the solution at grid cuts and singularities

is described in Section 4.3.5 below.

The grid has 85 x 23 x 30 points in the , n, and ; direc-

tions, respectively, with 58 points distributed on the chord.

( , n, and refer to the streamwise, spanwise, and wing-surface

normal directions, respectively, in Fig. 50). This is the larg-

est number of grid points which permit the code (approximately 2

million words in length) to run fully in central memory on a Cray
X-MP/48 without reducing job priority.

In the x-z plane, the far-field mesh boundary vuries from

four to five root chords from the trailing edge. iI the y-z
plane, the boundary is four to five root chords tLUM the winig

tip.
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The mesh on the wing surtace is illustrated in Figure

51(a). Grid points are clustered at the leading edge to give d

minimum grid spacing of approximately 1-percent chord. ClusteL-

ing is also required at the trailing edge to ensure a smooth

transition of lower and upper surface pressures.

At constant chord, the grid is equally spaced on the wing

tip. To maintain a reasonable variation of grid spacinig (in tne

spanwise direction) at the transition between the wing surtaces

and the tip, grid lines on the upper dna lower surtaces ate

clustered at the wing tip. This clustering also provide- tor

additional resolution in a critical region ot the tlowfield when

the tip-jet is on. Due to the thickness variation ot the air-

foil, it is necessary to bend grid lines near the tip as indl-

cated in Figure 51(b). This cdjustment consiuerably reduces tne

variation in mesh spacing at the surface-tip transition where the

airfoil is thin, as illustrated in Figure 52. In Figure 52(a),

the, original grid is illustrated to show tire protlem area near

the tip. The grid spacing is much more reasonable with the bent

grid lines on the wing surface as shown in Figure 52(0).

In the direction normal to the wing surface, the grnu is

tightly clustered to resolve the bounuary layer. Although not

sufficient for high accuracy, an attempt is made to maintain a

minimum of eight to ten points in the boundary layer.

4.3.4 Turbulence Models

Turbulence closure in ARC3U is provided Oy tne Baldwin-Lomax

model (Ref. 28), where the eddy viscosity is given as the product

-" of an algebraically-defined mixing lenytri and the magnitude ot

the local vorticity

Vt (18)
g.4
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The Baldwin-Lomax model has been shown to be accurate Lor

attached boundary layers and simple mixing layers.

The mixing-length in the model is formulated in terms ot a

normal distance througn the shear layer; consequently, it is

easily applied to a bounciary-conforming inesn having coordllate

lines normal to the wing surface, as is the case with the C-0-

%" type grid. Equation (18) has beei used at all locations on the

wing surface, but not in the tip-jet and the wake.

A crude approximation is used in the wake region because the

wake flow exerts a small influence on the wing flow field. The
%eddy-viscosity distribution in the trailing edge boundary layers

is applied at all locations downstream of the trailing edge in

- the wake region. Reprogramming of ARC3D is required to implement

the Baldwin-Lomax model in the wake region.

The tip-jet is modeled as a planar slot in the tip (Fiy.

53). A common mixing-length model for a planar-jet (Ret. 29)

assumes the mixing length is constant across the shear layer anid

is given by

9i = 0.96 (19)

where 6 is the distance from the jet centecline to the point

where the velocity ditters from the free stream by 1 percent.

Equations (18) and (19) are used to model turbulence in the tip-

jet, with 6 taken as one-halt of the jet-slot width. Since the
thickness of a turbulent jet grows slowly (Ret. 30), streamwise

variation of the mixing-length is neglected. This jet mixing-

length is applied along all grid lines normal to the tip-jet

opening. Thus, the turbulence model is accurate in the near

* field of the jet, but inaccurate in the tar field where the flow

is largely inviscid.
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4.3.5 Boundary Conditions

In nearly all simulatiorls, tie tlowtiela is subsonic every-

where (except in the tip-jet exit plane), arid appropriate bound-

ary conditions are applied. All normal-grddient approximdtiolis

are first-order differences. The boundary conditions are explic-

itly applied after each solution update.

At the farfield boundary, freestream conditions are imposed

where the flow is into the domain. Otnerwise, zero normal gra-

dients of the conservative variables are specified, except for

the total energy. Pressure is linearly extrapolateu to the outer

boundary, and energy is calculated from tne equation of state.

At the wing-root wall an inviscid, impermeable uounaciry is

approximated by setting the normal velocity component to zero and

imposing zero normal gradients tor tne otner variables. Since

the root-wall boundary layer is neglected, computeu inboard-winy

surface pressures are expectea to deviate slightly tt'it, experi-

mental data.

On the wing surface, no-slip conditions are specified, arid

zero gradients are imposed on the density and pressure. The

latter conditions provide an adiabatic wall, along with tne

boundary layer approximation.

The tip jet is a sonic or supersonic inflow boundary, arid

jet density, velocity, and pressure are all specified.

At grid singularities and also at the tip and wake Cuts

(Fig. 50), the solution is tdkel as an average of the neighborinig

grid point values. Since the pole singularities are internail to

-41-

-



the computational domain, these averages are also applied explic-

itly after tne solution is updated.

4.4 Results

-. Results of the numerical simulations are discussed in tnis

section. First, normal nonblowing calculations are presented to

establish the code's accuracy and a baseline case tor the tip-

blowing simulations. Results of the tip-jet-on cases are dis-

cussed, followed by a description of a preliminary calculation

made with spanwise blowing.

All calculations were run on the NASA/Ames Research Center

Cray X-MP/48 computer. The code ran 1.8 cpu seconas per time

step, with each run requiring about 45 minutes of cpu time.

For both blowing and nonblowing runs, approximately 1500

steps are required to reduce the residual two orders of inagni-

tude, while converging the total lift coetticient to three sig-

nificant figures. The rms right-handi-side residual is defined as

2 1/2

r jKZlm/2 (20)
N. N k N

A3

where the short-hand notation implies summation over the spatial

% indices j, k, and 1, and the dependent variable index, w. k is

given by Equation (16), h is the variable time step frum Equation

(17), and N, Nk, and N are the number of mesh points, respec-
tively, in the three directions.

4,
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4.4.1 No-blowing Wing Calculations

The first simulation on Wing C is fur M'= 0.7 drd = 50.

Comparisons of measured and predicted chordwise pressure distri-

bution and spanwise loading are shown in Figures 54 and 55,

respectively. Experimental values from Reference 22 are shown as

symbols alone, and the solid line represents predicted results.

The predictions show very good agreement with experimental chord-

wise and spanwise pressure variations. As shown in the table

below, the total lift coefficient is within 2 percent of tnu

experimental value.

Measured and Preoicted Lift and Drag

Coefficient on Wing C

M = 0.7, .: 5*

CL CL

experimental 0.447 .037

predicted 0.438 .031
S% -2% -16%

Navier-Stokes results are compared to experimental data and

calculations made with the full potential FL022 code on Wing C

at M = 0.25 and (A = 50 (Ref. 23). Figures 56 and 57 illus-

trate the chordwise pressure variations and spanwise loading

where the dashed line represents the FL022 calculations, ttie

solid line the current Navier-Stokes calculations, and the open

symbols the experimental data. The Navier-Stokes chorawise pres-

sure variations agree well with both the experimental data and

the inviscid FL022 calculations; however, the accuracy ot the,

spanwise loading is not as good as the previous case at the
higher Mach number. Both calculations underpredict the experi-

mental data. The cause for this discrepancy is not known.
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Due to the reasonable dgreemellt oetweeii the Navier-SLokes

predictions and experimental data for Wing C, it is coicludeu

that the code has sufficient accurdcy for tne noriolowiing wing.

The latter case at M = 0.25 is used as the baseline case fir the

blowing simulations described in the following sections.

4.4.2 Wing Tip-Blowing Calculations

4.4.2.1 Introduction

An initial goal of this study is to simulate the tip-jet

geometry and test parameters used in the large-scale experiments

described in Section 3. The experimental jet consists of a thin

rectangular slot machined in the wing tip, cs illustrated in

Figure 30. Because of the limitation oi the maximum number of

grid points (Section 4.3.3), the grid in the vicinity of the tip-

jet is rather coarse, and it is not possiole to accurately model

the slot width of the experimental jet. The length of tiie jet is

approximately maintainea; tneretore, the simulated jet ixit-plne

areas are considerably larger than the respective experimental

values. The jet lengtn is considered to ue a more important

parameter than its width.

The geometry of the simulated tip-jet is illustrated in

Figure 53. One long and one short jet are considereo in tnis

study, and the dimensions and locations of both simulated and

actual jets are given in Table 6. Note that five grid lines span

the simulated jet width.

Before describing the computational results, it is necessary

to discuss two important differences between the simulations and

the experiments. As stated in Section 4.3.3, the simulated and

experimental wing planforms are similar, but the airfoil sections
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are different. This is reflected in the base-linie 1lit coelfi-

cients. At a = 50, Wing C has CL = 0.42 (Ref. 23), compared to CL

= 0.32 for the large-scale wing (Wing C-BT). The difterence in
airfoil section is also apparent in the chordwise pressure dis-

tributions. The large-scale wing pressures (Fig. 58) are consid-
erably different from those of Wing C (Fit. 56). However, other

factors preclude the modeling of the actual airfoil section of

Wing C-BT; therefore, comparisons of measured and predicted

results will involve lift increments and trends.

The other major difference between experiment and simulation

is the condition of the tip-jet. In the experiments, the jet is
considerably underexpanded, with jet pressure ratios (jet-

stagnation to freestream-static) as high as six. The cyclic
shock/expansion-fan pattern, typical of underexpandeu jets wa

noted during the experiments. Because the grid is too coarse to

properly resolve such a complicated flowfield, the tip-jet is

simulated as a perfectly expanded jet. These two Lypeks of jet-
exit conditions are expected to produce different levels of lift

augmentation through different entrainment and other turbulence-

induced effects; however, it is difficult to determine to what

extent these differences affect the results.

Because of the aforementioned differences in airfoil section

and tip-jet conditions, there is no bdsis to ditectly compare
simulated and experimental lift augmentation levels. However,

the order of magnitude of lift increment and parameter vffects
are expected to be similar, and the tip-jet-induced flow phe-

nomena should be the same.

All jet-on simulations are shown for M = 0.25 and = 50 to

match experimental conditions unless otherwise noted. The jet-

momentum coefficient is determined by specifying the jet velociLy

and density. Jet-exit plane pressure is set to the freestream
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value. A summary of the various cases considered, along witn the

resulting lift augmentation levels, is given in Table 7, anu a

set of corresponding experimental cases is shown in Table 8.

Case numbers are selected to reflect similar parameter varia-

tions.

4.4.2.2 Long Jet

Cases 1 through 4 are calculations made with the long jet

described in Table 6. Case 1 is the first jet-on simulation, and

it has no turbulence model in the jet. This case shows very

little lift augmentation, approximately 3 percent in relative

lift increment (Table 7). At the same C , the experiment has

25-percent augmentation. When the turbulence model is incor-

porated in Case 2, the lift increment doubles, but it still is

considerably smaller than that measured.

At the same C and q., the simulated jet has a lower exit-

plane velocity, because its area is largeL than in the exptri-

ment. It is possible that the ratio ot jet-to-tree-stream velo-

city is more important than momentum coefficient alone; there-

fore, in Case 3, the jet velocity ratio, vi/V.= 4, is increased

to better approximate the experimental velocity ratio. The mag-

nitude of the lift increment in Case 3 is in better agreement

with experiment, Case 2', though the momentum coefficients are

different. Increasing the jet velocity ratio to eight in Case 4

provided only slightly larger lift increment than in Case 3.

A single calculation was made at a = 100 (Case 3a) with the

same blowing coefficient and jet velocity ratio as Case 3. Lift

variation versus angle of attack is compared with experimental

data (Cases 0' and 3') in Figure 59. Although the baseline and

lift-augmentation levels differ, the preoicted lift-curve slopes

are similar to experiment. This is expected since both wings

-46-

O 

t&



have the same planfoLm. Tile >1.i Ight icu ea:6 e in it t-curve siope

caused by tip blowing is l so in good dgreument witri experiment.

The predicted cuorJwise iresure Jistciuutions and spdnwlse

loadings for the wing with and without tip blowing are compared

in Figures 60 and 61, respectively. Surtfce pressures inboard of

50-percent semispan show little effect of tip-jet blowing;

however, at 90-percent semispan, the upper surtdce pressure is

signi ficantly lower over most of the chora with the jet on. fhe

jet-induced effects on the lower surface are small, but tiey do

increase toward the tip. The spanwise loading comparisons snow a

lift gain over the entire span, with the largest gain occuring

near the tip, and gains decreasing inboard. Tne high loading

exhibited at the tip with blowing is cau-,ed by numerical oscilla-

tions in the pressure near the jet. Also note that 2y/D = I

corresponds to a station on the wing surface (Flg. 51) sligntly

inboard of the actual tip.

Experimental chordwise pressure distributions with and with-

out blowing are shown in Figure 62 to illustrate tip-jet-induced

effects. Jet-on data are from experimental conditions similar to

Case 2'. The experimental pressures display qualitative behavior

very similar to the computational pressures shown in Figure 60.

There is little difference between the blowing and nonblowing

pressures inboard of 50-percent semispan. At 9U-percent semi-

span, with blowing, the upper surface pressures are lower over

the full chord. Small pressure incrtases on the lower wing sur-

face near the tip are observed.

The complete Wilny SUrface pressure contours Lot computed

jet-on arid jet-off cases are compareo in Figure 63. 1hesv

contours indicate the lower surtace pressure is largely

unaffected by blowing. The upper surface pressure contours are

shifted rearward over tne entire wing (also roted experimentally,
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Ref. 15) ano a low pressure region appears near the tip tor tne

jet-on case. Tie rediwributioii oL upper surface pressures

provides the litt augmentation oi)serveu.

The cause of upper surface pr:essure crianges is explained by

viewing the predicted wing tip tlowtieiu. L' ire 64 compiares tne

predicted pressure tield at 35-percent cnore. For the wing

without blowing, Figure 64(a) illustrates tUie small pLessure

i gradient that exists around the wing tip. Ihis gradient is, of

course, responsible tor tne s i1lifig or fluid dround the tip

which eventually leads to the tormation of the tip vortex. When

the tip jet is on, a pocket ot low ;ressure exists just outboard
.%and above the tip and extends to the uppeL wing surface as shown

in Figure 64(0).

Figure 65 is a close-up o the Eiowfielu at the 35-percent

chord station. Tne pressure oscillations srown in Fiuuce 65(a)

are disc~ussed at tne end of thiibs ektiuii. 'Ifn tip-jzL spreds

rapidly (Fig. 65(b)) and bends upward as It progLesses outborL

of the tip. A relatively strong vortex is formed aoove the 3et,
its core located within the pocket of low pressure. lhe vortex

appears to be created oy shear stresses generated by the jet, and

its strength is enhanced by the curved, upward jet trajectory.

V The prevailing global circulation around tne tip also serves to

increase vorticity. A weaker vortex, with opposite rotation is

* faintly visible beneatn the jet. Note also tnat the velocity on

the upper surface near the tip has an outboard component. eor a

nonblowing wing, the tlow is always inboaru at this location.

The chordwise extent of the outboard low pressure region is

illustrated in Figure 66, where normalized pressure is shown at
the 100-percent semispan station. 1nis pressure-field pattern is

V consistent with the notion that the jet acts as a fluid extension

- of the wing. It is plausible that the iccelerLion ot the
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oncoming flow, as tIld (etlects arouna thie jet, is particIly

responsible for the creation o this pressure tielu.

The wing flowtield, Illustrated doove, is consistent witii

that observed in the preliminary analytical study described in

Section 4.2. The current results support the picture ot the

lift-augmentation process previously describtJ. The shearing

effect of the tip-jet creates a relatively strong vortex above

and outboard of the wing tip, oncoming freestream fluid is accel-

erated as it passes through tne core of the vortex, and some

fluid accelerates to deflect around the jet. Tne induuced flow

and the latter two acceleration effects create a regioyn o low

pressure that extends to the upper wing surface producing a net

gain in lift.

*To complete the discussion of the long jet results, the wake

flowfield is considered. The streamwise component of vorticity

at 150-percent chord is shown in Figure 67 for the jet-off and

two jet-on cases (Cases 0, 3, and 4) corresponding to jet-

velocity ratios of 0, 4, and 8, respectively. For the nonolowing

wing, the location of the tip vortex is apparent by the concen-

tration of vorticity at y/c R -_ 0.8 in Figure 67(a). when the tip

blowing is on, the tip vortex is displaced outboard and upward

with respect to the nonblowing tip vortex. A secondary region of

weaker vorticity with opposite rotation is located below the

jet. Grid coarseness in the wake region distorts the shape of

the wake vortices.

The localized pressure oscillations near the jet exit (Flg.

65) are numerical in nature, caused by the central differencing

scheme. Oscillations typically occur where there is insutticient

grid resolution in a location of large gradients such as occurs

at the jet origin. Increasing the numerical dissipation will

smooth both the oscillations and the solutiou. fhe osciLlations
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Ocan be eliminated, or it least reduced in magnitude, by refilning

the grid arid/or using a difference method (such ds a TVD scheme,

Ref. 31) thdt is fut as susceptiDle to osc iIatioLns.

The coarseness ot the gria in the ti&-jet region is indi-

-, cated in the velocity vector plot in Fiyure 65. Eacr velocity

vector emanates from a single grid poirt. It is clear that the

grid spacing radially outboard of the tip becomes coarse very

rapidly, and the coarseness causes butLh the jet a,,id the vortex

above it to become over-diffused. Insufficient grid resolution

in this critical area is believed to be the primary cause for the

low lift augmentation levels in the computatioiis.

4.4.2.3 Short Jet

Case 5 is a calculation mcade with the short jet to illus-

trate the effect of jet length on lift augmentation. The jet

begins at the same location as the lung Jet, 13 percent ot the

tip chord, and ends at 36 percenit of tne cliord, making it

approximately one-third the lengtni ut tie lung >,L. The jet

locations and lengths are similar to Ltnuse iii the Ames experiment

(rable 6).

Table 7 shows that the shorL jet proauces a 3-percent

relative lift increment compared to the jet-off case. At the

same C , the short jet produces only one-halt of the long jet's

lift augmentation (Case 2), and only one-third of the auginen-

tation for the same jet-velocity ratio (Case 3).

The effect of jet length on lift augmentation is also seen

in the experimental data. Table 8 illustrates that the experi-

mental relative lift increment of the short jet is 60 percent of

that measured for the long jet.
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In case 6, the short jet has the same jet-velocity ratlo as

the previous case, but the momentum coefficientis doubled, oy

5,. doubling the jet density. Doubling C 0nlle huluing the jet

velocity ratio constant increases the relative lift increment an

insignificant amount. This further supports the conclusion tnat,

for a given wing/jet geometry, the momentum coefficient alone is

not sufficient to descrube tip-blowing effects.

The reduction in lift gaii for a snorter jet is not surpris-

ing considering tne mechanisms responsible for lift dugmentd-

tion. Within the chordwise extent of the jet, long and short

jets have similar tip flow fields. Aft of the end of the short

jet, the flow around the tip (from lower to upper surface) re-

establishes (Fig. 68) ; consequently, a large pressure ditference

a.-cannot be supported at the tip. However, the jet-generated vor-
tex and its associated low pressure core persist downstredm and

serve to lower the upper wing surface pressure beyono the end of

the jet, as revealed in the cnordwise pressure results shown in

Figure 69.

4.4.2.4 Jet with Splay Angle

The last tip-jet simulation, Case 7 in Table 7, consioers

the long tip jet blowing at a 30-degree splay or dihedral angle

(downward with respect to the hor i zon ta 1 ) . The jet-momentum

-coefficient and jet-velocity ratio are the same as in Case 4

where the blowing is straight out from the tip. Note that C is

based on the total jet velocity.

Blowing in a downward direction provides over twice the

aerodynamic lift augmentation compared to olowing straight out.

Lift is calculated by integrating wing surface pressures; there-

fore, the thrust of the jet is not included. In the large-scale
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experiments, Case 7' in Table 8, a similarly large increase in

augmentation was observed with downward blowing tip jets.

In addition to the augmentation process described earlier,

* o• blowing at a splay angle introduces or enhances an ddditiolal

augmentation effect. To investigate this mechanism, the flow-

fields for tip blowing with and without a splay angle (Cases 7

and 3, respectively) are compared.

Chordwise surface pressure distributions are compared iin

Figure 70 for both 0- and 30-degree splay angles. Inboard ot 50-

percent semispan, the pressures are not influenced by splay

angle. At 90-percent semispan, there is increased suction on the

upper surface and higher pressure on the lower surface with the

downward blowing jet. This is similar to the pressure change

that occurs at a slightly higher angle of attack. Compare the

results in Figure 70(c) with the measured surtace pressures fur

the large scale wing shown in Figure 71. These measurements at

90-percenit semispan for ( = 50 and 'x = 80 iliusrtLrL the effect

of increasing angle of attack. Predicted velocity vectors just

upstream of the leading edge at the tip, shown ini Figure 72,

reveal that the approaching flow angle is slightly larger wiLt

downward blowing thus increasing the angle of attack at the tip.

The spanwise loading in Figure 73 illustrates that augmen-

tation is largest at the tip arid decreases inboard, typici of

all previous results. The numerical oscillations at the tip,

causing the large loading near the tip, are still in evidence at

the 30-degree splay angle.

The predicted flowtield at 35-percent chord is illustrated

in Figure 74. It is similar to the straight-blowing velocity

field (Figs. 64 and 65) except that the low pressure region and

outboard vortices are shifted downward to follow the 3et path.
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This change in position does riot significantly diter the outboard

upper surface pressures at this chordwise location.

The above observations indicate that downward blowing

induces an increased angle of attack at the tip, which in turn

produces greater lift augmentation levels compared to straight

blowing. The velocity field at a spanwise location beyond the

wing tip, presented on the curved surface indicated in Figure 75

because of the grid topology, may indicate jet-induced changes in

flow angles. Figures 76(d) and (b) are predicted velocity tields

on this curved surface for the cases of straight-out and downward

blowing, respectively. The projection of the airfoil section at

the tip is included for a reference in these figures.

When the jet is blowing straight out, oncoming freestream

fluid deflects symmetrically over the tip jet due to the blockage

effect of the jet. When the jet is blowing downward, the deflec-

tion becomes asymmetric as some oncoming freestream fluid oelow

the leading edge of the wing is deflected above the jet. This

upward movement of fluid causes the flow approaching the wing tip

leading edge to have an increased upwaro velocity component when

compared to the straight-blowing case. The resulting inicrease iin

flow angle near the tip increases the loading on the foLward

portion of the airfoil section. Tnere may be an increase in the

leading-edge suction in this region of the wing wnich could have

an effect on drag; however, this is beyond the scope ot the pres-

ent investigation.

4.4.3 Spanwise Blowing Calculations

Spanwise blowing from the root wall, also investigated in

the large-scale test program, produces lift augmentation levels

comparable to those with tip blowing. A simulation of spanwise

11%
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blowing was attempted with the same code used for tip blowing,

and the results are described in this section.

In the experimental apparatus, blowing is accomplisned with

* a round jet mounted in the root wall. The jet has a diameter

equal to 3 percent of the root chord, anu it is located at 3
percent of the root chord above the upper wing surface. The

jet's chordwise location, a test parameter, is varied between 0-

percent and 26-percent chord. Jet pressure ratios are greater

than two; therefore, sonic conditions prevail at the 3et exit.

The spanwise jet is simulated by specifying jet velocity,

density, and pressure at approximately 18 percent ot the root

chord on the root wall. Because of the grid coarseness at this

%-' location, only four grid points identity the jet, resulting in a
3et-exit area three times larger than the experimental value.

The jet velocity ratio (v./V.) is tour, approximately tne same as

experimental value. The simulated momentum coelficient, C =

0. 14, is approximately twice the experimental result. Jet tur-
bulence is modeled in a manner similar to the tlp-jet muuelind.

The pressure and velocity fields are illustrated in the x-z

plane at 13-percent semispan and in tne y-z planie it 20-percent

chord in Figures 77 and 78, respectively. Corresponding pres-
sures for the nonblowing wing are shown in Figure 79 ror compar-

ison purposes. Large numerical oscillations in the pressure

predictions occur because the jet is poorly resolved. Upper
surface pressures are significantly astortea, producirlg a total

lift less than the nonblowing wings while experimental results

indicate a 13-percent increase iii relative lift increment. Gru

refinement in the vicinity of the jet is required to improve the

simulation accuracy.

'p
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Althougn the accuracy is poor, the predicted results pLUViOC

some insight into the physics ot this flow. As indicatedi in thu

velocity, plot in Figure 77(0) , the tiow Oil the2 upjer SuL taCe

p.accelerates as it def lects above tne jet (at appruximateiy 20-

w.V percent chord) producing a large region of low ptessute cis seen

in Figure 77(a). The spanwise extent of the low pressure reglin

is seen in Figure 78(a). The initial formation ot a vortex tuuve

tne jet is apparent in the velocity vectors onl the inbooard part
of tne upper surface at 20-percent chord in Figure 78(L)).

% The pressure field for a nonblowing wing is plotted at the

~. .same spanwise and chordwise locations in Figures 79(a) and (b),

respectively. Compared to the nonolowing wing, the pressure

* field generated with spanwise blowing indicates increased suction

over a large portion of the wing upper surface to account for thle

gain in lift. Spanwise blowing apparently produces lift augmeii-

tation phenomena similar to that prociuced by tip-blowing. Two

acceleration effects, the blockage caused by the )et. and tile

formation of a vortex above tne jet, contribute to the creatiui

of a low pressure region and thus increased suction on thie wing

upper surface.

5. CONCLUSIONS

Tne investigation reported in this uocuiuent conisists it

three distinct topics related to wing tip blowing lift augmenta-

Vtion. These are a small-scale test program, a large-scale test

-. program, and an analytical study. Because of the diversity, ot

the three topics, tne conclusions are COliSIdeLed. SC.;pl..teiy.

5.1 Small-Scale Test Program

The small1-scale test iii thie Nt.Ai winid tunnel ot tiiree skuni -

span wings with a nuinuer of different tip nozzle contiguritionis
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is reported herein. The stated objectives of these tests were to

determine the influence of the tip nozzle geometry, tip jet

-[' momentum, and jet direction on the aerodynamic loaas ot tfree

wings. Optimum nozzles selected from these tests were to oe used

S. in a large-scale test program at NASA/Ames Research Center. Some

observations and conclusions based on trie results of the three

wings tested follow.

The rectangular wing exhioitea only small eftects ot tip

nozzle geometry. In general, blowing from the tip dii cugnent

lift and modify drag; however, the drag data are uncertain

because of the accuracy of the measurements.

• The swept wing without camber snowed Jitt increases attrlo-

'S. uted to tip blowing, and certain nozzle contigurations proved
better than others. For example, the long slot nozzle covering

most of the tip chord was significantly uetter in lift auginenta-

tion than the smaller discrete slots. At low angles of attack,

there was little effect of tip nozzle geometry on litt augmenta-

tion; however, there was a large etfect on drag. This latter

effect must be tempered with the knowledge of the difficulty iii

measuring drag accurately.

The swept wing with camber showed only swall increases in
lift due to tip blowing and almost no cnange in drag. In some

instances, tip blowing may reduce drag for a constant lift coef-

ficient.

The small-scale test program contriUuted to the data oase
arid knowledge of tip-blowing effects on the aerodynamic charac-

teristics of fignter-type wings. based un the measuremenits,

several optimum tip nozzle contigurations were suggested to

'5 NASA/Ames for further testing in the large-scale test program.
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These nozzles included tne long slot nozzle ano tne three dis-

crete nozzle configurations.

15 .2 Large-Scale Test Program

The large-scale test program conducted iii the NASA/Ames

Researcn Center 7- oy 10-foot wind tunnel on a swept dnd cambereu

wing with tip blowing is also reported ini tnis document. NEAR,

Inc., contributed to the test program by sharing the results and

experience oained in the small-scale tests, by suggesting and

designing several tip nozzle configurations based on the small-

scale results, and oy actual participation during the test.

Measured aerodynamic characteristics from the NASA test are
presented in a previous section. These results indicate the long

slot nozzle provides the greatest lift augmentation, particularly

at high angles of attack, but the shorter slot nozzle has some

advantage at low angles. In general, the long single slot

nozzles proved better than the multiple slot nozzles. Drag coef-

ficient is not as sensitive as lift to nozzle geometry, out it is

difficult to make definite statements regarding drag based on the

preliminary information reported above. Additional analyses ot

the data are required to assess its accuracy and consistency.

Perhaps the most important pieces of information from the

large-scale test program are the pressure distributions and the

flowfield surveys. These data provide neretotore unavailable

details of tne flow interactions cused by wing tip oluwimig, and

as discussed below, these data coupled with predicted results

provide greater understanding of the complex prienuimen assouciateu

with tip blowing.
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5.3 Analytical Investigation

:.-

The existing Navier-Stokes code, ARC3D, was muditied LO

simulate the flow about a three-dimensional semispai wing witt

wing tip blowing. A three-dimensional thin-layer approximation

to the full Navier-Stokes equations is solved, and turbulenice is

modeled with an algebraic turbulent eddy viscosity. Tne simu-

lated wing model has a similar planform, but different airfoil

section, to the wing used in the large-scale test program. Sirnu-

lated tip jets are modeled as perfectly expanded jets witn larger

exit-plane areas, but tip jets in the experiment were under-

expanded.

The cooe was verifiea by comparing calculatea and experi-
tmental surface pressure distributions and spanwise loadings tor

* the nonblowing wing at M = 0.25 ana M = 0.7. Caiculatlons

showed good agreement with experimental data at both Macn

numbers.

A series of simulations with tip jets were made to investi-

gate the effects of jet turbulence, momentum coefficient, jet-to-

freestream-velocity ratio, jet length, and splay angle. The

calculated flowfields were analyzed to determine the mechanisms

responsible for lift augmentation. Computed results were com-

pared to data from the large-scale test...,:

Predicted lift augmentation levels are smaller than those
measured, but the parametric behavior is similar to experimental

observations. A lack of grid resolution in the tip jet region is

believed to be the primary cause for shortfalls in lift incre-

ment. Inaccurate turbulence modeling is also a source ot error

in the simulations; for example, lift augmentation doubles wnen

turbulence is modeled in the jet. This inuicates that the crea-

tion of turbulent shear stresses by the tip-jet, d viscous
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effect, is an important mechanism I lIft augmentation;

therefore, the type of turoulence model selected may also have a

significant effect on lift augmentatlon.

- For fixed geometry, increasing C by increasing only jet

density has a negliginle effect on lift augmentation. The jet-

*velocity ratio has a stronger influence on jet-induced etfects.

Increased velocity ratio means stronger jet shear stresses,

another indication that viscous effects play an important role in

lift augmentation due to tip blowing.

A picture o' the source of lift augmentation emerged from

the numerical studies. fhe shearing action of the tip-jet on the

surrounding fluid creates a relatively strong vortex above and

outboard of the wing tip. Oncoming freestream fluid is acceler-

ated as it passes through the core of the vortex, and some fluid

also deflects around the jet in reaction to its blockage

effect. These two acceleration effects create a region of low

pressure that extends to the upper wing surface producing a net

gain in lift.

A. The experimental observations of the influence of jet nozzle

- length on lift augmentation is confirmed. A long jet gives at

least twice the lift increment of a jet one-third in length, and

the short jet imparts less energy into the tip-generated

vortex. Also, a large pressure difference cannot oe supported at

the tip, aft of the end of the short jet, where spilliny of fluid

around the tip is reestablished.

The measured effect of jet splay angle is also confirmed.

In addition to the augmentation effects caused by straight blow-

ing jets, a splay-related mechanism induces a higher angle of

attack at the tip which contributes to the augmentation.
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A simulation of spanwise blowing is considered in this

study, but due to grid coarseness, large oscillations near the

jet occur in the pressure fiela, and numerical convergence cannot

be achieved. The preliminary flowtield results show similarities

to the phenomena associated with the tip-jet tiela; however,

additional effort is required to gain proper understanding of

spanwise blowing lift agumentation.

6. RECOMMENDATIONS

The experimental and analytical investigations reported

above have added considerable information and understanding to

the pheonomena associated with lift augmentation due to wing tip

blowing. In particular, the tneoretical etfort and preliminary

prediction method provide neretotore undivdilale cQpaDility to

calculate details of the flows and interactions. Uther irivesti-

gators are also making signiicant colitriouLioins in tnis area.

It is time to try to assiniite all the avaible informdtion,

new and old, experimental and tneoretical, goou and bad, into d

unified understanding of the fluid mechanisms involveo with jet

interactions with lifting surfaces. Wing tip blowing alnd span-

wise blowing are just two of many sucn lift augmentation pro-
posals. This is the basic recommendation of the duthors.

NThe following specific recommendations for extension of the

work reported herein are offered. The large quantity of experi-
mental results collected from both the small and large scale

tests have not been thoroughly examined. For example, the aria-

lytical study indicated that jet velocity ratio may be a more

important parameter for data correlationi than momentum coeffi-

cient. The measured results should ue examined in detail for

such a correlation.
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The large-scale tests provided more data than could be ana-

lyzed in this investigation. Additional pressure and flowfield

data should be studied and added to the information data base.

These data can provide useful comparisons with the theory tor

code verification as well as contributions to the basic uiaer-

standing of lift augmentation.

if additional large scale tests are warranted, the results

of this investigation can be used to guide a future test pro-

gram. For example, recommendations for tlow conditions, type and

location of measurements, and geometry for future tests can be

made based on the theoretical method reported above.

It was noted previously that the numerical approach

developed for this effort is still of a preliminary nature, and

it will require some additional work before it can be considered

for use as a design method. Several specific recomenddtios for

additional work on the prediction method follow.

The grid should be refined in the jet tiowtield so that

accuracy can be brought to an acceptable level. Refinement in

the tip region, however, should not be made at the expense of

grid coarsening in some other reglon. Due to tne larye gru

requirement for this problem, the generation ot an improveu grid

is not a simple task; however, one approach would De to use

patched grid (Ref. 27) or a zonal approacn.

Due to the strong dependence ot lift augmentation on jet

shearing, a more accurate turbulence model, suchi as a k-c model

should be investigated. Besides being ditticult to apply to

complex flows, the accuracy ot the algebraic turuulence model

used in the current code is not adequate for the problems ot

interest. It is likely the turbulence model used in the compar-

isons with the large-scale data described above is not adequate
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to model the increased turbulence level and mixing present in tne

supersonic jets of the experiment. Anotner possibilLy tLo

improvement of the prediction method is to tailor d turbulence

model, based on the available experimental data, to provide

proper augmentation levels. Tnis moditied model can be used for

further studies and preliminary design work.

The above recommendations will result in an improved code
with more general application to lift augmentation problems.

Verification can be carried out by comparison with experimental

data. In particular, studies at other angles of attack ana jec

splay angles should be conducted. The improved cooe will provide

the added capability of investigating other phenomena or

* interest, such as the tip jet eftect on wing drag and separation

effects near the tip.

The prel iminlary stuuy o(t spdnwise olowing indicates tne

possibility ot predicting the lift augiimenration phenoiaei; flow-

ever, as noted above, the grid was too coarse in tniis iniitial

study to provide definitive results. Additional refinement to

the grid for spanwise blowing applications can be accomplished

using the knowledge gained in the tip olowiny investigation. It

is recommended that these moditications be accomplished and tne

improved code verified by comparison with available experimental

Iwv information.

The expanded data base and the potential analytical capa-

bility resulting from this investigation provide a means to stuoy

the effects of tip blowing as a lift augmentation device on an

advanced fignter aircraft. Such a preliminary design exercise is

recommended to identity the feasibility of using tip blowing

during various segments of a proposed mission; for example, there

is an obvious use in STOL mission segments, but tne concept may
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A also have interesting aerodynamic stability and control benetits
during maneuvers.
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LIST OF SYMBOLS

a speed of sound

o/2 wing semispan

c local wing chord

CR root chord

CT tip chord

CD wing drag coefficient

CL wing lift coefficient

CLB baseline wing lift coetficient, no olowing

CLo wing lift coefficient with no blowing

C p pressure coefricient, (p-p.)/q_
C jet momentum coefficient, i v 3/(q S)

DeDi explicit, implicit dissipation terms in Eqs.

(15,16)

e total energy

E, F, G transformed, convective flux vectors in Eq. (2)

E , Fv Gv transformed, diffusive flux vectors in Eq. (2)

J, j-i metric and inverse-metric Jacobians, respectively

h spatially-varying time step

z m mixing length

• i .jet mass flowrate

M Mach number

p static pressure

q freestream dynamic head,
Q conserved-variable vector in Eq. (2)

* S wing area

S thin-layer viscous flux vector in Eq. (16)

t, T time

vj jet exit-plane velocity

u,v,w Cartesian velocity components in x,y,z-directions,

0' respectively
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LIST OF SYMBOLS (concluded)

U,V,W velocity components in computational space, in

x, y, z-directions, respectively

S00V free stream velocity

x,y,z physical coorainates

A wing leading edge sweep angle

cc angle of attack

- y ratio of specific heats

5 shear layer thickness parameter

finite-difference approximation to tirst derivative

in &-direction

AC L increment in lift coefficient

K 2' K 4  second- and fourth-order coefticients of

* dissipation terms in Eqs. (15, 16)

VT turbulent eddy viscosity

, n, transformed courainates

.pfluid density

vorticity
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TABLE 1. Small Scale Wing Geometry

Description Winy 1 Wing 2 Wing 3

Planform Rectangular Swept Swept

Section NACA 0015 NACA 0015 NACA 64

mean line

Semispan, b/2 (in.) 8.40 8.35 8.35

Planform Area, S/2 70.05 69.65 69.65

(in. 2)

° -.

Rootchord, cR (in.) 8.36 11.13 11.13

Tip Chord, cT (in.) 8.36 5.55 5.55

LE. Sweep Angle 00 33.80 33.80

Thickness at Root (in.) 1.25 1.67 1.67

.

Aspect Ratio 2.0 2.0 2.0

A

.
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TABLE 2. Measured Blowing Angles tor Small-Scale Wings

Sweep Angle, Deg. Dihedral Angle, Deg.

Wing No. forward middle aft forward middle att

1-Tip 1 17 30 58 15 15 15

Tip 2 28 28 58 0 0 15

Tip 3 28 31 55 0 0 -15

Tip 4 - 0 - - 0 -

2-Tip 1 22 40 62 15 15 15

Tip 2 20 34 65 0 0 15

rip 3 - 0 - - 0 -

Tip 4 - 0 - - 0 -

3 All Angles Zero

NOTES:

1. Nonzero values of sweep angles for the forward, middle, and art

slots are designed to be 300, 450, 600, respectively.

2. Nonzero values of dihedral angles are ±150, and the actual Olowing

angles agreed with the design angle in each case.

3. Positive dihedral angles blow upward, and positive sweep dngles

blow to the rear.
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TABLE 3. Data Channels

Channel Symbol Function

No.

1 PDB Orifice Ap

2 PTB Orifice total pressure

3 TB Orifice total temperature

4 PTC Wing cavity pressure

5 PDW Test section Pstatic relative to plenum

6 PSMA Test section Pstatic relative to

atmosphere

* 7 TW Tunnel air temperature

8 Fz Force normal to chord plane

9 Fy Force parallel to wing chord line

10 My Pitching moment about spanwise axis

11 Mz Yawing moment about normal to chord

plane

12 Mx Root bending moment aoout chord axis

13 Angle of attack

14 Not used

15 Fx2 Spanwise load cell, test fixture

16 Fxl Spanwise load cell, outside of

tunnel
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TABLE 4. Pressure Tap Locations on the Wing Upper Surface

2y/b

0.150 0.296 0.500 0.697 0.800 0.894 0.950

0.02 0.02 0.02 0.02 0.02 0.02 0.02
X/C 0.05 0.05 0.05 0.05 0.05 0.05 0.05

0.07
0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.15 0.15 0.15 0.15 0.15 0.15 0.15
0.20 0.20 0.20 0.20 0.20 0.20 0.20

0.25 0.25
0.30 0.30 0.30 0.30 0.30 0.30 0.30

0.35 0.35
% 0.40 0.40 0.40 0.40 0.40 0.40 0.40
% 0.45 0.45

0.50 0.50 0.50 0.50 0.50 0.50 0.50
0.55

0.60 0.60 0.60 0.60 0.60 0.60 0.60
0.65

0.70 0.70 0.70 0.70 0.70 0.70 0.70
0.75

0.80 0.80 0.80 0.80 0.80 0.80 0.80
0.85

0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.95

0
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TABLE 5. Pressure Tap Locations on The Wing Lower Surface

2y/b
0.150 0.296 0.500 0.697 0.800 0.894 0.950

0.5 0.5 0.02

0.05 0.05 0.05 0.05 0.05 0.05 0.05
x/c 0.070.10 0.10 0.10 0.10 0.10 0.10 0.10

0.15 0.150.20 0.20 0.20 0.20 0.20 0.20 0.20
0.25

0.30 0.30 0.30 0.30 0.30 0.30 0.30
0.35

0.40 0.40 0.40 0.40 0.40 0.40 0.40
0.45

0.50 0.50 0.50 0.50 0.50 0.50 0.50
0.55

0.60 0.60 0.60 0.60 0.60 0.60 0.60
0.65

0.70 0.70 0.70 0.70 0.70 0.70 0.70
0.75

0.80 0.80 0.80 0.80 0.80 0.80 0.80
0.85

0.90 0.90 0.90 0.90 0.90 0.90 0.90
0.95
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TABLE 6. Simulated and Experimental Tip Jet Geometries

Jet Area

Jet cj/cT z J/C T Wing Area

Short 0.13 0. 23 1.6 1-

simulated

Long 0.13 0.65 3.7 10-3

Short (Tip #4) 0.28 0.29 3.3 10-

* experiment

Long (Tip #2) 0.07 0.76 3. 3 10O 4

%Wk.

*Refer to Figure 53
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Planform

Root Section

Wing No. 1 8.40

NACA 0015

8.36

-5.55

8. 35

IWin No 2

NACA 0015

11.13

Wing No. 8.35

NACA 64 Mean Line

11.13 -All dimensions in inches

Figure 2.- Sketch of wings tested.
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7--0' Adimensions same as

A'

J. Tip 1

Tip 2

0.4 - 4.1

- ~5.8

Tip 3

% 5.8

Tip 4

All dimensions in inches

Figure 4.- Tips for swept Wing No. 2
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Tip I

0.20 All slots cut with

0 blowing angles.

r-Tip 2 All slots =0.10 in.

i ! 2 .0 0 =

.2 Tip 3

l-- ~ 4.20 --

Tip 4

All dimensions in inches

Figure 5.- Tips for swept, cambered Wing No. 3.
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Figure 6.- Tunnel installation of wing and balance
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to

r~ontrolwing

Bypass loop
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Air
cooler

Figure 7.- Configuration of blowing system
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1.0 18.70

15.5

12.4

C L 9.0

.4

5.9

.2 3.0

0 .01 .02 .03 .04

(a) Lift Coefficient

Figure 9.- Measured lift and drag coefficients on
Wing No. 1 with Tip 1.
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C) 3 ports
S1port (T.E.)

.20

.16 CL

U 18.7c'

.12

f~i 15.5
C L

.08

&Ali12.4

.04 ElE 39.0

E3 5.9

3.0

0f

0 .01 .02 .03 .04

C 1

(b) Drag Coefficient

Figure 9., Concluded.
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(a) Lift Coefficient

Figure 10., Measured lift and drag coefficients onW~ing No. 1with Tip 2.
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(b) Drag Coefficient

Figure 10.- Concluded.
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1.0 0 18. 7'

12.3

C 9.0
CL

.4

5.9

.2

33 2.8

0 .01 .02 .03 .04

C ]i

(a) Lift Coefficient

Figure 11.- Measured lift and drag coefficients on
Wing No. 1 with Tip 3.
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C

(b) Drag Coefficient

Figure 11.- Concluded.
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123

.8

9.0
.' ...

c...

.4

I 2.8

.2

0 .02 .04 .06 .08 .10 .12

C

(a) Lift Coefficient

Figure 12.- Measured lift and drag coefficients on Wing
No. 1 with Tip 4.
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(b) Drag Coefficient

Figure 12.- Concluded.
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.4 -. 08

*113

C 
D

j .2 -- .0 4

0 2 4 6 8 10 12 14 16 18 20

a, degrees

(a) C = 0.0

Figure 13.- Effect of tip geometry on measured lift and
and drag coefficients on Wing No. 1.
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(b) C = 0.035
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Figure 13.- Concluded.
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(a) Lift Coefficient

Figure 14.- Measured lift and drag coefficients on
Wing No. 2 with Tip 1.
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Figure 14.- Concluded.
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(a) Lift Coefficient

Figure 15.- Measured lift and drag coefficients on WingNo. 2 With Tip 2.
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Figure 15.- Concluded.
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Figure 16.- Measured lift and drag coefficients on WingNo. 2 With Tip 3.
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(b) Drag Coefficient

Figure 16.- Concluded.
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(a) Lift Coefficient

Figure 17.- Measured lift and drag coefficients on Wing
No. 2 with Tip 4.
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(b) Drag Coefficient

Figure 17.- Concluded.
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Figure 18.- Effect of tip geometry on measured lift
and drag coefficients on Wing No. 2.
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Figure 18.- Concluded.
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Figure 19.- Average effect of tip blowing on lift and
drag characteristics of Wing No. 2.
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(a) Lift Coefficient

Figure 20.- Measured lift and drag coefficients on Wing
No. 3 with Tip 1.

-106-

et I S



.28 C

0 D~----------- 0  18.80

.24

15.7

.20

12.6
.16

CD

.1~~~~~~~ S~-----0 -..... f----- -- -- -- - -- 9.3

- - - 6.1
. 08-

3.0

.04-

01 I I I I I
0 .01 .02 .03 .04 .05

C

(b) Drag Coefficient

Figure 20.- Concluded.

-107-



1.4

OL

2

18.80

W 15.7
1.01-

) 12.6

.08

a O9.3

CL

0.6
6.1

0.4 ------ ,3.0

0.2

0 .01 .02 .03 .04 .05

C

(a) Lift Coefficient

Figure 21.- Measured lift and drag coefficients on Wing
No. 3 with Tip 2.

-108-



.28
"- -- J -- 8 -- -1 .. .G I; I0 18.80

.24

S-- - ----- -- G-- ---- 9-- - 15.7

.20

- --0-1 - 12.6

.16 -

CD

1- -- 9 . 3

U 6.1
.08-

3.0

.04

00 0I I I I I I I I I

0 .01 .02 .03 .04 .05

C

(b) Drag Coefficient

Figure 21.- Concluded.

-109-



.1.

1.2 18.80

1.2.

.5 12.6

0.8

C L

0.6 6.1

0.4 03.0

0.2

0

0 0.01 0.02 0.03 0.04 0.05

C

(a) Lift Coefficient

Figure 22.- Measured lift and drag coefficients on Wing
No. 3 with Tip 3.

-110-



.28

.18.80

.24

15.7

.2 u -

* . I-p- - - - -- 1 12.6

.16

CD

-12 "

6.1

.08

3.0

.04-

0 I I I I I I I I I

0 0.01 0.02 0.03 0.04 0.05

C

(b) Drag Coefficient

Figure 22.- Concluded.~-iii-



1.4 
O

1. 18.80

15.7

12.6

.8 ........... 9.3

CL

6.1

.4 0 3 . 0

.2

0
0 .02 .04 .06 .08

(a) Lift Coefficient

% Figure 23.- Measure lift and drag coefficients on
Wing No. 3 with Tip 4.

-112-



. 2 8g - - - - n - - - - - 1 8 . 8

.24.28

.24

15.7

.20

.161ir--12.6

CD
. 9.3

-.12- - - .

.08

3.0

.04

0 I I I I I I I I

0 .02 .04 .06 .08

C

(b) Drag Coefficient

Figure 23.- Concluded.

-113-



CL CD

1.4- .28

Tip 4

12 2Tips 2,3

L Tip 1

1.0- .20

Tips 2,3,4

Tip 1
.8 .16

.6 _.12

.4 .08

.2 .04

0 1 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

oL, degrees

(a) C = 0.0

Figure 24.- Effect of tip geometry on measured lift
and drag coefficients on Wing No. 3.

-114-

Qt-



C L C D

1.4 -. 28

-Tips 3,4 1,2

1.2 -. 24

1.0 -. 20

.8 -. 16 D

.6 -. 12

.4 .08

.2- .04

0 2 4 6 8 10 12 14 lb 18 20o
a~, degrees

(b) C 0.04
wJ

Figure 24.- Concluded.



C L CD

1.2 .24 C =0.04

C =0

1.0 20

.8 .16
4. CL C =0

.6 -. 12 
D

.4 -. 08 C =0.4

.2 .04

01
0 2 4 6 8 10 12 14 16 1 0

(x, degrees

Figure 25.- Average effects of tip blowing on lift and drag
coefficients on Wing No. 3.

-116-



C C D O

18.80

1.4 3

4A

....- - -

1.2 'L.24

1.0 -. 20

0 .02 .04 . .0 .1 .. 12..

A

112.

i : .8 -. 16

.6 - 12 0

A% 6.1

.4- .08

c L
c D

.2 .04 0, 0 Tunnel velocity = 100 ft/sec.

A Tunnel velocity = 195 ft/sec.

0 .02 .04 .06 .08 .10 .12

C

Figure 26.- Effect of tunnel velocity on measured lift and drag
coefficients on Wing No. 3 with tip blowing.

-117-



4

1Wing No. 1
1.7 -Tip 4

Wing No. 2
Tip 4

1.6

1.5

1.4
CL(C )

CL (0)

1.3

1.2

1.1 Wing No. 3

Tip 4

.9o

1.01
.04 .06 .08 .10

C

(a) a = 30

Figure 27.- Effect of tip blowing on the measured lift
coefficients of three wings with long tip
slots.iOt I8



*1.2

C (

4L

1.3-

C CC

1.1ur Wing No.tnued

1.09

0z .0 .40 .8 1



'1.2

I1.0

-Npp

-120



Poeo

0.8, Wing No. 2

CL

0.6

- - C =0. 07

0.

0 .04 .08 .12 .16 .20 .24

CD

Figure 28.- Effect of camber and tip blowing on the measured
aerodynamic characteristics of a swept wing.

-121-

I



1.0 - SponwLse pressure top LocatLons

vAR = 2.6 ------

A LE = 450

0.8 - X = 0.3 - - - - - - - -

----------
0.6-

(C\3
0.4-

0.2-

0.0-
0.0 0.2 0.4 0.6 0.8 1.0

Figure 29.- Large scale wing with tip blowing.

-122-



Not to Scale

- .1d2

C 0 8 i.--

Ti 4a

Dihe-

No -/Td.nl

0~c 4 TzO in.

0 solid tip (baseline)

2 .07 .83 .029 0

4 28 .5 .770

4 .28 .57 .077 300

6 .28 .57 .077 60'4

-~8 Wu's tip, see Figure 30 (b)

(a) Tips 0,2,4,5,6

Fic ure 30.- Wiiup tip niozzles for the larpe-scale wing.

-12 3-



A..10

CT. = 08 n

DihedraNo 
togl Scale15

'4-'4

-4r

4%,



1.4

1.2 Q O

0O 00

1.0 0 0 0I0 0 6 o
o

0

0.8

',0. 0
0.6

";' CL
L x0 TIP C RUN

0.4 0 0 0 0.0000 66
0o 2 0.0179 32

A 2 0.0380 34
0.2 + 2 0.0524 35

x 2 0.0220 68

0.0

-0.2 0

-0 .4 ' , I I , I , I ,
-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift Coefficient

Figure 31.- Measured lift and drag coefficients on Wing
C-BT with Tip No. 2.

-125-



-- - - -- - - -

0 -:

CD CY) CD-IV D

0

CD G(\J \JC\J C\J

0o0o<+ x

C) a

%4-4 0
4-4 u

cC) 

9 1-4
Co z

(0m

4.-0

+ C+

X 0 +

00

.9 V:

0 C) (3 C0 CN C3C

C-)

- 126-

oN A



1 .4

1.2

x O 6 A

1.0 0 0+0 o

0.8

0.6

CaCL x TiP C, RUN
x Q

0.4 0 0 0.0000 66
x o 4 0.0197 41

A 4 0.0373 42
0.2 + 4 0.0524 43

x 4 0.0215 67

0.0

* -0.2 o

-0.4 , I I

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28 0 32.0 36.0
0(

(a) Lift Coefficient

Figure 32.- Measured lift and drag coefficients on Wing

C-BT with Tip No. 4.

.2
~-127-



00

C4. l)1q -

CD () N.C\J -

CD- V) Lf)Cn

CD~- ,VV'V"q

4J -

o c

00

CDa)
~C3 0

o 0

0 z

C

x 0
3

C

9

C)

C-)

-128-



1.4

1.2 +

+ 6 A

6
1.0

00

0.8 +6

0

0.6 - +C +8
L 0  TIP C RUN

0.4 0  0 0 0.0000 66
00 0 5 0.0217 53

A 5 0.0456 52
0.2 + 5 0.0645 54

0.0

-0.2

q-0. -0 .4 , , I , I I , I , I I I I i

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift Coefficient

Figure 33.- Measured lift and drag coefficients on Wing
C-BT with Tip No. 5.

-129-U.



00

0 --

CD LO L r

0 0 4 + c

-4

4-4 *

0) '-

0o *.4 C.)

C).

+ oo
+8

0'N ~
+ CD

-1300

IRIN 011k Hll118



1.4

S ~1.2+ +
0

+ 0 0 0

A 0 0 +
1.0 00 0

0 0

0.80

+ 0

0.6

+6 TIP C RUN
0.4 +0 01 0 0.0000 6

-~ A 000 6 0.0202 55
A 6 0.0399 56

0.2 + 6 0.0642 57

0.0

-0.2

-0.4 -- *-***'-- *

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift coefficient

Figure 34.- Measured lift and drag coefficients on Wing
C-BT with Tip No. 6.

-131



+

o E

CD (NX CD) C-N.1 CD CD a)t

c_) CD CD CD CD LI
CLC

C C. CC) C

C))

u u
*00 

W+

C:4 44

- C- ) 0

N oo

C

] +o oo

4 0 + + C
+ 9 o

C)C)0

0

9
I C

I I

- 132-



1.4

1.2

1.0 0

0000

00

0.8

4. 0

L0 TIP C1  RUN
0P

0.4 0 0 0.0000 66
0 8 0.0237 64
A 8 0.0473 65

0.2

0.0

-0.2 0

-0.0

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift coefficient

Figure 35.- Measured lift and drag coefficients on Wing
* C-BT with Tip No. 8.

-133-

W-W



SCD 'I-V L')
CC) ( CO (.D

CD n t,

C_). CD CDl CD Q

0 0 0

C) C'J 'c
C)CCD

5% ,--

0 0

C.) C..'-
.- 4 r.
44 0

.4-4

* oC) 0

5, 00 0fo

00-0

(a

00

0 C)

0

-134

00

0 0)

0 0;

0A 0

00 C

5 CC9

4..

-134-



-1.0 0-jet on
0- jet off

-0.8-

-0.6-

-0.1-

-0.2

0.2-

0.6-

0.8-

1.0-

1.2- 11 O. '3c.
0.0 01 02 03 0.4 0.5 06 0.7 0.8 0.9 1.0

(a) 2y/b 0 .15

Figure 36.- Effect of tip blowing on the measured pressure
distribution on Wing C-BT (Tip No. 2) at

-50, C =0.02.

-135-

00



-1.2 -

-1.0 0 jet on

0 jet off

-0.8-

-0.6-

c-0.0-

-0.1-

'0.2

0.6-

0.8-

1.0-

*1.2---
*0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/c

(b) 2y/b 0.296

Figure 36.- Continued.

* -136-

or01 N t
% %%



-o .n

-0-

0~ o.2

SW..

N..

1.2 c
0.0

'$ ()2y/ b 5

.PIS 36. continued.

ieur

-137



4 -10 0-jeton

0jet, of f
-0.8-

-0.6- 
.

-0.4-

*w ..- 0.2 -

0.0

0.2-

0.4-

0.6-

0.8-

1.0-

p 1.2
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

/'. X/c

(d) 2y/b =0.697

Figure 36.- Continued.

-138-



is -In 0-jet on
0 -- jet off

-0.8-

-0.6-

-0.4-

-0.2-

"0.0.

0.4

0.6

0.2-

V1.

0.4y/ 08

.5

-139



-. 00- jet onf

-0.8-

-0.4-

c- 0.2-

0.2-

.1~"0.4-

0.6-

0.5-

1.0-

1.2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.5 0.9 1.0

X/c

(f) 2Y/jb = 0.90

Figure 36.- Continued.

-140-

.1o



4.-

-9

,,q%" -1.2-

SO- jet on
•-1 .0 J n

0 -- jet off

-0.8-

-0.4"

-0.2-

,i, O. 20.0

.5 0.2-

"a. 0.4-

0.6

0.8

1.0

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x/c

(g) 2y/b = 0.95

Figure 36.- Concluded.

-141-

et



0-jet on

0 jet of

-0 .8-

-0.6-

-0.4-

%2

C0.0-

0.2

0.4-

0.6-

0.8-

1.0-

1.2
a?0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/C

(a) 2Y/b =0.15

Figure 37.- Effect of tip blowing on the measured pressure
distribution on Wing C-BT (Tip No. 4) at
a 50, C = 0.02.

-142-



-1.0 0- jet on
0 jet off

-0.6-

-0.4-

-0.2-

ca- 0.0-

0.4-

0.6-

p 0.86

1.0-

1210.0 0.11 0 .2 0 1.3 0 1.4 0 .5 0 1.6 0 1.7 0 1.8 0 .9 1 .0
X/c

(b) 2y/b =0.296

Figure 37.- Continued.

-143-



0 jet on
i 0- jet off

-0.6-

-0.4-

-0.2-

0.4-

0.6-

0.6-

1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1 .0

X/c

(c) 2y/b =0.50

Figure 37.- Continued.

-14 4-



-1.0 - jet on
0 jet off

-0.8

9:' 0.6-

0.8

-4.1

, . - 0 . 0 0 . . . . . . . . . .

'U-

Figure 37. 0.0ined

• ".,0.2

,0.4

"3

0.8

1.0

1.2 -v ,
* 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

(d) 2y/b = 0.697

~-145-

Fu 3f Continued.



* -0.2-

W0.-

"a -0.8-

1.0

W1.2

(e) -0.20.8

Fiued7- ot.ud

a-46

mv-V%

A0.
0.6z



-1.0 0-jet on
0- jet off

-0.8-

-0.4-

'a. -0.2-

p
9

.0

"a. 0.2-

'a 0.4-

0.6-

0.86

1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/c

(f) 2y/jb 0.90

Figure 37.- Continued.

-147-

'kYPq



-. 00- jet onf

-0.8-

-ES

-0.6

-0.4- )

-0.2-

0.4

0.2-

a0.8

-1.0

11.2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 01.8 0.9 1.0

X/c

(g) 2 y/b = 0 .9 5

Figure 37.- Concluded.

.0148

% %



-1 .2

-.0- 0 jet on
0 jet off

-0.8

.- 0.

-0.6

.-04

-0.2 - -

0
C-) 0.0-

4" 0.2-
a 0.4-

-a0.6

0.8-

-1.

0.0 0.1 0 .2 0.3 0.4 0.5 0 .6 0.7 0.8 0.9 1.0
X/c

(a) 2yib = 0.697

w Figure 38.- Effect of tip blowinq on the measured pressure
i',."distributign on Wing; C-BT (Tip No. 8) at

5 0. 02.
-- 149-

'-'



-1.2 -

-1.0 * jet on
0-Jet off

-0.6-

*-0.4 E-

-0.2-

0'0

C-) 0.0 -

* 0.2-

0.4

* .0.6

'p. 0.8 -

a.. 1.0 -

'1p.

A-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
A-,c

(b) 2NI'/b = .80

aFigure 38.- Continued .

-150-

MkS



-1.2-

-.0- jet on
0-- jet of f

-0.8-

-0.4-

-0.2-

*C-) 0.0-

0.2-

0.4

0.8-

0.8-

1.0

0.0 0.1 02 03 0. 4 0.5 06 07 0. 8 09 1 .0
X/c

(c) 2y/b =0.894

Figure 38.- Continued.

-151-



-1.0 jet on

0- jet of f

-0.8 D

-0.4- )

-0.2-

---

'0.2

0.4

e0.6

0.2-

1.0-

A;1..
l20.0 0.1 0'.2 0.3 0'.4 0'.5 016 07 .8 9. 1. 0

X/c

(d) 2y/b = 0.95

Figure 38.- Concluded.

-152-

g4-m



00

00

p (a

00

0 4

* U

* 0 D0

co -4)

.444

-J4
%a

%4.

.4.Ol.' 00Oq- On

AN

b 1 3

o0'



CD

CD

0

* 441

4 U)
C)J

0

-15-Q



-~

'I

0

-~

az

C
E-~ ~)w

, ~
2~ 0 0

C-)

~ / A 0 II~ I
C.)

4 V *

~\ ~ ~- 4- ~ A

II
b ~. x

q b * b ~ 0

S
0

b 4 ('1

0

* (0
I I I I I

O~I 02 00 019~ O~I~
x

-155-
S
S

0

, , * Syl *~* ~ -. **
- I' ~ U



00

04

-4

o~ -0 04- 0.9 O*Z

I '

-156o



..

1.4

1.2

0

1.0

0.8

iN 0

~0.6

,. xD TIP C. RUN

0.4 o 0 0.0000 66
0 2 0.0179 32
6 4 0.0197 41

0.2 + 5 0.0217 53
x 6 0.0202 55
0. 8 0.0237 64

-0.2

-0 .4 ,. . . , , I I , I I , I

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift coefficient

Figure 40.- Effect of tip nozzle geometry on measured
WV lift and drag coefficients on Wing C-BT,

C = 0.02.

-157-

'.M- -.:-. . . . '-p % p



SCD CLf MU-) q

CO t)~ -' CJU- COJ0.

00

CD C- - - CJC,

Q~~- -4 NOj(

.1' C; a)C C

C

0~

u u
444

CD

CD:

CL

X 0

o 0

0 
C

-158-

et0

C-)



1.4

0 0
1.2 0

0

1 0 0

1.0 0

0 0

0.8 +
0
0

0.6

CLL +X TIP Cu  RUN

0.4 +0 o 0 0.0000 66
0 0 2 0.0380 34

A 4 0.0373 42
0.2 + 5 0.0456 52

x 6 0.0399 56
I o 8 0.0473 65

0.0

-0.2

-0.4 I . I I I I I , I I , I

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift coefficient

Figure 41.- Effect of tip nozzle geometry on measured
lift and drag coefficients on Wing C-BT,
C =0.04.

-159-



CO cr) ''Ln LOCO

CDs 000 L) '

:CD n n'q' 'q

CD V) V') CC 0

C.)C

0'
* -)

u *d

'4-4 0
4-4

C) )

oC-) u

00 0

(0

-Pu.-

00

X cv

00

00

I S
9 0 C') 0 It:

00 0 C 0 CD

08
-JO

-160-



1.4

1.2
x x

0 +

0 0 0
1.0 

0

x
0.8 +

5.-. 0
57.- x8

* 0.6x
U X

x+  TIP C RUN
0.4 + 0 0 0.0000 66

00 0 2 0.0524 35
A 4 0.0524 43

0.2 + 5 0.0645 54
x 6 0.0642 57

0.0.-.. 0

x
-0.2

-0.-0 4 A. .. h. I I I I I I I I

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

(a) Lift coefficient

O,,

Figure 42.- Effect of tip nozzle geometry on measured
lift and drag coefficients on Wing C-BT,
C 0.05.

-161-

5,.
e.%.

*'1'



CO in - r. r). V. t,~ V~ w-
Ck oA- V r r

C______)__(NJ

SCD Ln) LF) C co

C) ~O~~cDC(

00

0-

x L4 u-
M o

4
1m

4- U

5L4

x Wn

0

0 0 o
00

0 0

xfi +

0

C C CD D C) C 0

-162

AN a
hj!i 3&'ll..z



-- ------ --

0.4

TIP CP RUN

0.3 0 2 0.0180 32
o 4 0.0195 41
6 5 0.0217 53

,. ' + 6 0.0202 55
AOL/OLE+ x 8 0.0237 64

'% AC / C L

0.2 8
+

:'"
x + +

0 00

0.1 x 0

x x 0x x

A+ +

._.,. K0 . , I ,I , I I, I , I , I , I I ,

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

0(

0.. (a) c. 0.02

. Fiqire 43.- Ef fect of tip enlmetry and bLIowi nq rate

on lift augmentation of Wino C-BT.

-163-

• a,., ,.. .''' ', ' " ,X ''.;'" x ' "",



0.4
I

TIP Cu  RUN

0.3 o] 2 0.0380 34
0 4 0.0371 42
A 5 0.0456 52
+ 6 0.0399 56
x 8 0.0473 65

'--. AOLiCLB [

" 0.2 00

B []

0.2000

0 
+ 0

X 
A

0+x
0.1 x

x A A

.0.0

-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

C.

b) C 0. 04

I u U e 4 3.- Cont i nuod

4-164-



0.4

bA

+ TIP CP RUN
0.3 + 0 2 0.0522 35

0 4 0.0526 43
A 5 0.0645 54
+ 6 0.0642 57

A 0 L/ 0 LB

0
0.2 0

00 0 80

00

0.0

*-8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0

,p P.

(c) C 0.05

Figure 43.- Concluded.

-165-

,%4

01N



0.6 +

a - 4.00

0.5

TIP
02

0 4
S0.4 5

+ 6 +

x 8
ACL/CLB

AA0

0.3

00

00

.J. o.2+

0.1 x

1,6

0 0.0
0.00 0.02 0.04 0.06 0.08

(a) a = 4°

.,~

Figure 44.- Effect of tip geometry and blowing rate
on lift augmentation of Wing C-BT.

.,

AA -166-

V P



0.6

- 6.00

0.5

TIP
0 2
0 4. . [] 5

0.45
+ 6

A"L..LB'x 8 +" '. .'AcL/cLB

Io.3

0.2

+

0

0.1
x

0 .0 ,I , ,
0.00 0.02 0.04 0.06 0.08

cp
(b) a = 80

Figure 44.- Continued.

-167-
". ".



0.6

o( 16.00

0.5

TIP
0 2

0 4

*10.45
+ 6

AcL/cLBx B

N0.

* 0.3

5-p

0.2 0X 0+ A

0+4h0 0

0.0

0.00 0.02 0.04 0.06 0.08
C

N p

(c) ai 16'

Figure 44.- Continued.

-16 8-

e t-'I 0 1 I , l~ 111111 11



~. ~ 0.6

-24.00

V'0.5
TIP

* -~0 4
0 5

0.4-5
+ 6
x 8

ACL/CLB

0.3

0.2

in 0

+

1'> 0.1 80 +

Cp.

0.0 I

* -0.00 0.02 0.04 0.06 0.08
cp

(d) at = 240

Figure 44.- Concluded.

.4 -169-



0..

CL 0

0.1

0.0

0.0 0.10 0.20 0.30

*(a) = 40

U0.

9A* 
L

.1*.* 0.1

10.2

0.1C1 01

(b)C70 0.1



* C~i

A AA A A A

9C.

N~ z A.A A

e 41 1 4' A . A A

CD A A A

& 4 4 4 A

0. 0. 4. 1 4 40 4 .5 2 .0 5 A.

U-,/

-171



- o - | L L L k k L k L
A0

v

S.2 z

i W 1 4 4 A I t

1: -44/ 4 1 4 ,A A

p. ~If

5% 9 I N I ' N A I A

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

~2y/b

()Ci= 0.17

Figure 46.- Concluded.

-172-



W-tWV-WrrNr W V -ee u

TC)

p/p0

CD

I-n

CD.w

2z 0.9

-° CD

I

C)

-0.5 00 0.5 1 .0 1.5 2. 0 25

X/c R

(a) C =0

Figure 47.- Predicted pressure contours near a rectangular

wing with tip blowing, 2y/b = 1.04, ct = 4 ° .

17

.D ,__ - 1 7 3 -



*1,

(D

% P/p"
0

-V

0.98
Ln

'0.9

b

-pC.35- '
5%

)..¢ ,p

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

X/CR

(b) C = 0.17

Figure 47.- Concluded.

-174-

et

"I, ,V3. 
.-



C~)

0.99

(D

* ~~2z ____

D. 98

CD

1.01
Lf)

CD

0.0 0.5 1 .0 1.5 2.0 2.5 3.0 3.5

2y/b

(a) C. = 0. 0

Figure 48.- Predicted pressure contours near a rectangular

wing with tip blowing, x/c = .80, a =4'

-17 5-



,

a.

Ln

('.

C)o p/pc

U)

0.99

C)

* [) 0.98
CD

2z
-b 0.97

C).9

0.99

Ln

CD

CD

0.0 0.5 1.0 t.5 2.0 2.5 3.0 3.5

2y/b

(b) C = 0.17
P

Figure 48.- Concluded.

lb.

* -176-



,-: TIP

ARj 2. 6 0

;."

," L.E. = 450 A T.E. = 9.70

t R/C R = 0.06 t T/C T = 0.10

O" 0O ,R =  2 38 0 aOt ,T =  5 79 0

pp

i Figure 49.- WING C geometry.

7.

"'S- 77

•S.I:...:.......- -. , . . .



-~~~~~~-,.~~~~~~- -.. .- -p a . wr ~,W ~ - -- - - - -

J-.:

GRID

Z/.

Z/

,_ wa

i " i

C ,

)

x c

-5.0 -1.0 -3.0 -2.0 -1.0 0.0 :

'.I ".X "(7

(a) "'

Figure 50.- Computatini

orr o



D-A192 728 
AN INVESTIGATION 

OF WING LIFT 
AUGMENTATION 

WITH33SPANNISE TIP SLOWING (U) NIELSEN ENGINEERING AND
RESEARCH INC MOUNTAIN VIEW CA M R MENDENHALL ET AL

UNCLASSIFIED 22 APR 87 NEAR-TR-365 AFWAL-TR-86-3112 F/G 1/3 13 NEEEEEEEE~iEIEEh EEE
EEEEEEEEEEEEEE

EEEEEEEEmhohEE
EomhEmhEEEEEl



111L-0. 1112.0L

1 1 1 1 5 1 111_L4 I~

ll 336 " "'ll l j)llll
555



GRID

Z/CR 
R

(b) "0" grid at 50% chord.

Figure 50.- Continued.

-179-

11 Jl



GRID
U")

C;'

0;

U)

C)

0d

C)ab

CJ

0.75 0.80 0.85 0.90 0.95 1.00 .05 1.10 1.15 1.20 1.25

X/C R

(c) Axis of rotation for tip wrap.

* Figure 50.- Concluded.

-180-



GRID

CD

Y/CR

CD

(Z;

'0.0 02 04 06 08 1.0 1. 2

(a) Wing-surface mesh.

Figure 51.- Surface grid distribution on WING C.



GRID
0

C)

._
Ln

C)
l-

In

a,

C)

/ C)
yR

CD

.n
to

r ,

0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.Ic

X/CR

(b) Wing-surface mesh near tip.

Figure 51.- Concluded.

-182-

0l



(GRI

C

C

(N
C

C

C

C

C

Z/C

C

CD

CD

CD

0.834 0.836 0.838 0-840 0. -842 0.841 0.846 0.848 0.85C

(a) Without bending.

Figure 52.- Mesh at 97% chord.

-183-



GRI1D

CD

-j (0

Y/C
Cb)it enig

Fiue5.DCnlddp 
-184-



GRID

Cf)

cn

C)

In

CD 
C.

CDJ_

0 80 080.0 091.0 101.0 11 .2

0x

Fiue5. ipjtmdl

-185



-1.0 -Computotiton

o experLment

-0.6-

-0.4-

-0.2-

a0.0-

t~. 0.4 -

0.6

0.6

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0

X/C

(a) 2y/b =0.1

Figure 54.- Measured and predicted chordwise pressure
distributions on WING C, a =50, Mo = 0.7.

-186-



-1.0 -computatLon

0 0 experLment
-0.8-

-0.6- 0
0

-0.4-

-0.2

0- 0. 0
C)

0.2-

0.4-

0.6-

0.8-

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1'.0

X/c

(b) 2y/b =0.3

Figure 54.- Continued.

-187-



-1.0 -computotLon

0 o experilment

-0.8 0

-0.6-

-0.40

V0
-0.2

a_0.0-

0.2-

0.4-

0.6r

0.85

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/c

(c) 2y/b = 0.5

Figure 54.- Continued.

-188-



-1.0 computat~on

0 o exper~ment
-0.8-

-0.6

-0.4-

-0.2-

0- 0.0-

0.4

00

0.6-

0.8-

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/c

(d) 2y/b =0.7

Figure 54.- Continued.

-189-

KI



-1.0 -computotLon

a experLment

-0.8-

-0.4-

-0.2-

Q- 0.0-
C.)

0.2-

U) 0.4-

0.6-

0.85

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/c

(e) 2y/b =0.9

Figure 54.- Concluded.

* -190-



1.0-

0.9- computot.Lon
0.9 o expertment

0.8-

0.7-

0.6-

0.5- 0

4., 0.4-

0.3-

0.2-

0.1-

0.0-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0,/

Figure 55.- Measured and predicted spanwise lift distributions
on WING C, a = 50, Moo 0.7.

-191-



-1.0 -NovLer-Stokes, computotLon
-FL022 computot~on

-0.8- o experLment

-0.6-1

'006

-0.2 -o 
-- -

-0.0

10)

0.6

0.2-

1.0

I1.2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/C

(a) 2y/b =0.1

Figure 56.- Measured and predicted chordwise pressure
distributions on WING C, a = 50, M,=0.25.

-19 2-



00

-0.

-0.

-0.2-

a 0.0

-0.6-

0- 0.06

1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0
X/c

(b) 2y/b =0.3

Figure 56.- Continued.

-19 3-

AS 11I1,111L n



-1.2~ %
0

-10 0 -NavLer-Stokes computotLon

-FL022 computot~on

-0. 8 0 experLment

'0

-0.6

-0.4

-0.2-

c- 0.0 -- -

0.2-

0.6-

0.6

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0. 9 1.0
X/c

(c) 2y/b =0.5

Figure 56.- Continued.

-194-



-1.2-

1.-DO0 -NavLer-Stokes computotLon

0- FL022 computotLon

-0.8 00 experLment

-0.4

-0.2-

Q- 0.0- .

0.4-

0.6-

0.6

1.0-

1. 
-r - -0.0 0.1 0.2 0.3 0.4 0.5 0.5 0.7 0.5 0.9 1.0

p X/c

(d) 2y/b = 0.7

Figure 56.- Continued.

-19 5-



-1.0 Nav~er-Stokes computot~on
-FL022 computot~on

-0.6 o exper~ment
0

-0.4-

-0.2

C-)0

0.4-

0.6-

0.86

1.0-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/c

(e) 2y/b o .9

Figure 56.- Concluded.

-196-

119'I5Zil SlE o m



1.0-

0.9- NovLer-Stokes computotLon
0.9 -- FL022 computot~on

o experLment
0.8-

0.7-

0.6-

c 0.5 a 0

0.4

0.3-

0.2-

0.1-

0.0~
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2,Y/b

Figure 57.- Measured and predicted spanwise lift distributions
on WING C, a = 50, Mo = 0.25.

-19 7-



-1.2-

-0.2-

-0.4-

-0.2-

0.2-

1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1'.0

0/
(a) 2y/b =0.15

Figure 58.- Measured chordwise pressure distributions on
large-scale WING C-BT, a = 50, Moo 0.25.

-19 8-

Imgm w&6tRA
9 ~ 1111m



-0.6-

-0.2-

* 0.2-

0.6-

0.8-

1.0-

1.2
0.0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 1.0

X/c

(b) 2y/b =0.5

Figure 58.- Continued.

-199-



-0.8-

-0.6-

b04

-0.2-

co- 0.0-

0.2-

0.4-

0.6-

0.8-

1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/c

(c) 2y/b =0.9

Figure 58.- Concluded.

-200-

eIf



1.2-

1.0-

0.8-

0

C-) 0.6 --

0-

0

0 expertment, jet on, Case 3',
0.2- 0 experLment, jet, off, Case 0

- computattion, jet on, Case 3

--computatlon, jet off, Case 0

0.0-1
0.0 5.0 10.0 15.0 20.0

Figure 59.- Effect of tip blowing on measured and predicted
lift coefficients.

-201-



-1.2-

- jet on,C =.177
-- jet of f

-0.8

-0.1

-0.2-

0- 0.0
C-)

0.2

0.4

0.6

0.8

1.0

'1.2 r

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x/c

(a) 2y/b 0 .1

Figure 60.- Comparison of computed chordwise pressure
distributions with and without tip blowing,
a = 5', M = 0 .25.

-202-



-jet- on,C =.177

-0.8 
jet of f

-0.6

-0.2-

a- 0.0

0.2 -
- - - - -

0.4-

0.6-

0.6

1.0-

* -0.0 0.1 0.2 0.3 0.4 01.5 01.6 0.7 01.8 01.9 1.0

X/c

(b) 2y/b =0.5

Figure 60.- Continued.

-203-



-1.0jet on,C =177

-0.8 -- et of

-0.84

-0.6-

0.8-

aI~ai.1.0 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/c

(c) 2y/b =0.9

Figure 60.- Concluded.

-204-

iO 511



1.0-

0.9 
-Jet on,C =.177

i-.jet off

0.8-

0.7

0.6

* ,c 0.5
.,J

0.4

0.3-

0.2-

0.01 
7

0.-0O. 2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2,/b

Figure 61.- Comparison of predicted spanwise loading
with and without tip blowing, a = 5', Moo 0.25.

2.0

-20 5-

V0



--1.2

-1.0 o- jet on
0-- jet off

-0.8

-0.6

-0.4

-0.2-

0.4

0.6

0.8

1.0

1.2- I i i I

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x/c

(a) 2y/b = 0.15

Figure 62.- Comparison of typical measured chordwise pressure
distributions with and without tip blowing for
large-scale wing.

-206-

.0



-1.0 0-jet on

* -0. 0--Jet of f

-0.2-

-0.4-

0.6-

0.8-

* 1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/c

(b) 2y/b = 0.5

Figure 62.- Continued.

-207-



-1.0 @ jet on

-0.8-

-0.4-

-0.2-

0.2-

0.4-

0.6-

0.86

1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.5 0.9 1.0

X/c

Cc) 2y/b 0.9

Figure 62.- Concluded.

-208-



NORHAL IZTL PRESSURE, p/p.

Y//

/R cD

N4

/C/

//
(a Noboinupr ufc

Fiur 6.- Cmue wigsraepesr cot r,

a =/0 ( . 5

/ / (I-

MOW

111 1111
/ 11t11,IMM 

M0.0 0.X. . . .



NORMAL IZED PRESSURE p/p.

I.rV

Cn

Y/C R6-

0.0 02 0.1 0.6 0.8 1.0 1.2

x/c R

(b) No blowing, lower surface

Figure 63.- Continued.

-210-



NORMAL IZED PRESSURE, p/p

ODj

~C)

,3%1

0

0.0 020.4 0.6 0.8 1.0 1.2

/ R

(c) Co 0.177, upper surface

Figure 63.- Continued.

-211-



NORMAL IZED PRESSURE,/p

a2

Y/C C/

0.0 0. . . '

X/

(d) C1, 0.177, lower surface

Figure 63.- Concluded.

-212-



NORMAL IZED PRESSUREI p/pa

CD

C)

CD

CD

C:)

CD

CD

C)

C D

C)

CDC

(a) No blowing

Figure 64.- Computed pressure contours at 35-percent chord,
a =50, M. 0.25.

-213-



* NOR11ALIZED FR\LJUINL, P/P.,

C)

C)

Ln

C)

CZ)

1QC'

U-)

CD

C)

C)

C)

0.00 0.25 0 .50 0.75 1.00 1.25 1 .50 1.75 2.00

Y/-R

(b) Tip blowing, C 0.177

Figure 64.- Concluded.

-214-



NORMAL I ZLLJ PRLb3UFPE' p/p.

CD

0c~

CD ~A

(0 0

CD7

C V

CD

CD

C)
clJ

0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10

y/c R

(a) Pressure field

Figure 65.- Close-up of tip flowfield with tip blowing at
35-percent chord, (Y 50, m = 0.25, C 0.177.

*v

-215-



VELOCITY, V/am.

Z//
Rp

cic

(b) Veoiyil

Fiur 65. Cocudd

L a=........111 

1 j



NORMAL IZED PRESSURE, p/pe,

C0

0

0.3

z/c0

2y/b =1. 0

0.7 0.9 11.0 1. 1 .2 1 .3

X/C R

(a) No blowing

Figure 66.- Pressure field in the tip plane, ai = 50, Moo 0.25.

-217-



NORMALIZED PRESSURE, P/,,

CDi

I'll!

CD~

*z/c 
CD

R C,

2y/b 1. 0

0. 0 .8 0.9 1 .0 I1 1.2 1.3

X/c R

(b) Tip blowing, C,, 0.177

Figure 66.- Concluded.

-218-



X-COrlPTIENT OF VORICITY, rcR /a.

CD

- (01

'n1

- Z/c

R c)

0. 20..4 608 01.

p..

(a. Nobown

Fiue6. teaw. otctyfeda 5'pretcod

ay ' M .5

f219



\ -GOIIPONENT OF VORT IC ITY, rcR /a.

C0

QQ

/cR cD 0 ~E7.4 1.9

CD

0D

A

-22



X-CO11PONENT OF VORTIOITY, rc R/a.

0*

CD

CD

CC)

cD.c

(c) V jt/Vw 8

Figure 67.- Concluded.

-221-



VELOCITY, V/a,,

Lin
C)

CD

A A -

CD

CD

Z//
R CD

C)

y/c R

Fiur 68. Veoiyfeda -prc hr o hr i
jec, ct 5' M7, =0 5 C1/ 02

- '-7

-222/

Wil - Jil



-short jet

-0.6-

-0.4-

-0.2

0- 0.0-...

0.2-

0.41

0.6-

0.8-

* 1.0 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/c

Figure 69..- Effect of jet length on predicted chordwise pressure
distribution at 2y/b =0.9, ax = 5', M- 0.25,

-223-



-1.2* splay

0- Q splay

-0.6-

'4. -0.4-

-0.2-

0-. 0.0-

0.2-

0.4-

4- 0.6-

0.8-

1.0-

*0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.83 0.9 1.0

X/c

(a) 2y/b =0.1

Figure 70.- Comparison of chordwise pressure distribution for

PIPblowing with and without splay angle; a~ = 50,

M=0.25, Cl= 0.177.

-224-



N..8

-0.6

-1.2-

-1 . 0 - -- - - -- - - -
----s--l-y

- -0.8-

-0.6-

-0.1

-0.2

0b) 0.00.

Fiue70-otiud

oi 

-2a.

E31K0.8



1.0300 splay

*4i-0.64

-0.2-

-0.2-

0.04

-CI)

0.6-

0.4-

1.0-

0.0 0. .2 03 04 05 06 07 .8 .9 1.0

(c) 2y/b =0.9I, Figure 70.- Concluded.

-226-



0 50

-0.6-

-0.4-

-0.2-

c9- 0.0

0.2-

0.4

0.8-

0.8-

1.0-

1.2-
0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0

X/C

Figure 71.- Experimental chordwise pressure distributions for
larqe-scale WING C-BT, M_. 0.25, 2y/b =0.9,

jet off.

.e.

-227-

%w



VELOCITY, v/a

mL

Z/c

CD

CP

Figur 72. Copue veoct fil-a-yb .,

CD

0.80 0.81 0.8M 0.25, 0.,C 0. 506 0870.8 089 0

NN

I -228-

otM

amD



VELOCITY, v/am

"V' C)

CD-

CD

CD

CD

z/c 9-11

CP

CP

CD

C)

0 .8 1 0 8 0 8 1 0 8 0:86 0:87 0 . 8 0 89 0.9(

(b) 300 splay

Figure 72.- Concluded.
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Figure 73.- Comparison of spanwise loading for tip blowing
*with and without splay angle, a 50, M. = 0.25,

c 0.177.
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Figure 74.- Flowfield at 35-percent chord with blowing at 30'
splay angle, (t = 50, Moo 0.25, C )10.177.
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Figure 74.- Continued.
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Figure 76.- Concluded.
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Figure 78.- Concluded.
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Figure 79.- Pressure field with no blowing, a 51, M_ = 0.25.
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Figure 79.- Concluded.
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